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Summary:  
This doctoral thesis presents a study regarding the bond between self-compacting concrete 
(SCC) and reinforcement. The thesis consists of three parts. The first part is the theoretical one 
and comprises the first three chapters. The second one is the practical part of this thesis and is 
described in chapter 4. The last part of thesis consists in a centralization of all results from both 
practical studies presented in chapter 4.  
The following rows describe the content of every chapter, giving a short presentation of the 
principal aspects presented.  
 
Chapter 1 introduces the topic of the thesis, presenting in the same time the advantages and 
disadvantages of SCC, as well as a small history of SCC. At the end, the main goal of the thesis 
is presented.  
 
Chapter 2 presents the theoretical aspects regarding the self-compacting concrete composition 
and also the fresh and hardened properties. In view of the mix design, the materials are 
presented, as well as their characteristics which have to be accomplished to be able to produce 
a good self-compacting concrete. Also, some mix design methods are presented. Furthermore, 
the chapter presents some general aspects regarding the fresh properties. A small presentation 
is made of the specific characteristics for each property and also the methods used to 
characterize it. These methods refer to filling ability, passing ability and stability. At the end of 
the chapter some representative studies are presented, as well as conclusions regarding the 
hardened properties: compression strength, tensile strength, modulus of elasticity, creep and 
shrinkage.  
 
Chapter 3 describes the bond phenomenon both in normally vibrated concrete and self-
compacting concrete. First a general view is presented of the bond phenomenon followed by 
detailed specification regarding the most important factors which can affect the bond between 
concrete and reinforcement. These factors refer to concrete cover, the distance between bars, 
the embedded length, transversal confinement, the reinforcement position during casting, 
reinforcement geometrical characteristics, concrete hardened properties and also other factors 
as temperature or corrosion. The chapter ends with a presentation of some important 
international studies regarding the bond between self-compacting concrete and reinforcement. 
Actually, this presentation turns into the state of the art report regarding bond phenomenon for 
SCC.  
 
Chapter 4 presents the experiments made for this thesis and is divided in three big parts. The 
first one describes all materials used in experiments, the concrete properties and also the 
mechanical and geometrical characteristics of the reinforcements. The second part of this 
chapter consists in the presentation of the experimental program, namely “Pull-out on cubes”. 
The results are presented and the analysis made. This program consisted in testing the bond 
strength using the RILEM method “pull-out” for a number of 231 elements with different 
dimensions. The experimental program and the elements configuration are presented in the 
Figure 1. As it can be observed, the program followed the influence of parameters as:  
- compression strength, by using 4 SCC mixes with different compressive strengths 
  
 
- bar diameter, by using 3 bar diameters for ribbed bars and 2 bar diameters for smooth 
bars 
- embedded length, by using three lengths  
- casting direction, by using the perpendicular and longitudinal casting direction 
- testing direction, by using two testing directions for longitudinally cast elements.  
 
 
Figure 1 The experimental program “Pull-out on cubes” 
 
The last part of the chapter presents the second experimental program. The main goal of this 
program was to study the influence of the pumping process from the bottom of the elements to 
bond strength. The influence was studied in the length and height of the elements. The program 
consisted in tests made for a number of 16 self-compacting concrete walls (Figure 2). Each of 
these walls had incorporated 20 reinforcement bars arranged along the length of the elements 
in two rows.  The analysis consisted in observations regarding the influence of SCC slump flow 
capacity to bond strength, the horizontal and vertical bars position and also the bar diameter 
influence.  
 
Figure 2 Experimental program „Pull-out tests on walls” 
Chapter 5 is the chapter where the centralization of all experimental results is made. As a result 
of the statistical and analytical analysis of the results, a new equation was presented which 
  
 
evaluates the bond stress for self-compacting concrete. The equation takes the rib height into 
account, as well as the usual parameters presented in other models. In addition a value for the 
ultimate slip was presented as well. This value resulted from a statistical interpretation of the 
results.  
At the end of the chapter, a constitutive model is presented for bond phenomenon in self 
compacting concrete. This model started from a model from literature and was adjusted with the 
new values for bond stress and ultimate slip.   
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Figure 3 Constitutive model for bond 
 
Chapter 6 is the last chapter and consists in a summary of thesis, the author conclusions and 
the future directions resulting from the analysed data. Some of the main conclusions are 
summarized here below:  
 
• self-compacting concrete is able to present higher bond capacity in the service state 
behaviour, meanwhile for the ultimate state the values are going closer to the values 
registered for vibrated concrete.  
  
 
• no difference in behaviour was observed when the bar diameter or anchorage length 
was changed, self-compacting concrete and the vibrated concrete presenting bond 
strength values in the same range. 
• fresh properties of the concrete can play an important role on the bond behaviour in the 
case of the bottom pumping method, leading to differences of the bond strength 
capacity especially in the service state. For the ultimate state the influences are smaller, 
but do not disappear.  
• fresh properties seem that have no influence on the slip of the reinforcement. 
• A difference in behaviour was observed when the bar diameter was changed, the self-
compacting concretes with higher slump flow capacity presenting s smaller decrease of 
the bond strength.  
 
 
 Beside these 6 chapters the thesis contains also some Appendices and some articles 
published by the author. This part contains aspects regarding the design method used for self-
compacting concrete mixes, technical details regarding materials, additional information 
regarding the bond stress and reinforced slip recorded.  
  
  
 
 
Samenvatting 
Deze doctoraatsthesis presenteert onderzoeksresultaten betreffende de aanhechting tussen 
zelfverdichtend beton (ZVB) and wapeningsstaal. De thesis bestaat uit drie delen. Het eerste 
deel belicht de theorie, en omvat drie hoofdstukken. The tweede deel rapporteert het 
experimenteel gedeelte, en is weergegeven in hoofdstuk 4. The laatste deel van de thesis 
groepeert en analyseert alle experimentele resultaten bekomen in hoofdstuk 4. Hierna wordt 
een kort overzicht gegeven van de inhoud van elk hoofdstuk. 
 
Hoofdstuk 1 geeft een algemene inleiding tot het onderwerp van de thesis. Een Korte historiek 
van ZVB is vermeld, evenals voor- en nadelen van ZVB. Op het einde van het hoofdstuk 
worden de doelstellingen van de thesis gedefinieerd.  
 
Hoofdstuk 2 gaat in op de theoretische achtergrond betreffende de samenstelling van ZVB, en 
de resulterende eigenschappen van het vers en verhard beton. Met het oog op de 
betonsamenstelling worden de samenstellende materialen voorgesteld, inclusief hun 
eigenschappen, nodig om een goed ZVB op punt te stellen. Enkele methoden voor het 
samenstellen van ZVB worden toegelicht. Bovendien geeft het hoofdstuk enkele algemene 
aspecten in verband met het gedrag van het vers ZVB. Een kort overzicht wordt gegeven van 
de specifieke eigenschappen die een vers ZVB moet hebben, inclusief de proefmethoden 
aangewend om deze eigenschappen te karakteriseren. Deze methoden verwijzen naar de 
vulcapaciteit (filling ability), de capaciteit om door nauwe openingen te stromen (passing ability), 
en de weerstand tegen segregatie (stability). Op het einde van het hoofdstuk worden enkele 
representatieve studies voorgesteld, evenals enkele conclusies betreffende de eigenschappen 
van het verhard ZVB: druksterkte, treksterkte, elasticiteitsmodulus, kruip en krimp. 
 
Hoofdstuk 3 beschrijft de aanhechting tussen beton en staal, zowel voor traditioneel beton als 
voor ZVB. Eerst word teen algemeen overzicht gegeven van de aanhechting, waarna een meer 
gedetailleerd overzicht volgt van de belangrijkste factoren die de aanhechting tussen beton en 
staal kunnen beïnvloeden. Deze factoren verwijzen naar de betondekking, de tussenafstand 
tussen de wapeningsstaven, de hechtlengte, zijdelingse ondersteuning, positie tijdens het 
storten, geometrische eigenschappen van de wapeningsstaven, eigenschappen van het 
verharde beton, en andere factoren zoals temperatuur en corrosie. Het hoofdstuk eindigt met 
een voorstelling van enkele internationale studies betreffende de aanhechting tussen ZVB en 
wapeningsstaal, en definieert op deze wijze de state-of-the-art. 
  
Hoofdstuk 4 presenteert het experimentele gedeelte van het doctoraatsonderzoek, opgedeeld 
in drie grote onderdelen. Het eerste deel beschrijft alle aangewende materialen, de 
betoneigenschappen, en de mechanische en geometrische eigenschappen van de 
wapeningsstaven. Het tweede deel beschrijft de aangewende proefmethode, namelijk de 
uittrekproef (pull-out) op betonkubussen, zoals aanbevolen door RILEM. De resultaten worden 
voorgesteld en geanalyseerd. In totaal werden proeven uitgevoerd op 231 elementen met 
verschillende afmetingen. Het experimentele programma en de configuratie van de elementen 
worden voorgesteld in Figuur 1. Volgende parameters werden hierbij beschouwd: 
- Druksterkte, door het gebruik van 4 verschillende ZVBs met verschillende sterkte 
  
 
- Diameter van de wapening, door het gebruik van 3 verschillende diameters voor 
geribde staven, en 2 verschillende diameters voor gladde staven  
- Hechtlengte, door het gebruik van 3 verschillende hechtlengtes  
- Richting van het storten van het beton, loodrecht op de staven en evenwijdig aan de 
staven 
- Testrichting, door het beschouwen van 2 uittrekrichtingen in het geval van staven 
evenwijdig aan de stortrichting.  
 
 
Figuur 4 Overzicht van de uitgevoerde uittrekproeven op kubussen 
Het laatste deel van het hoofdstuk rapporteert het tweede experimentele programma. Het 
hoofddoel van dit programma is de studie van de invloed van het pompproces, waarbij beton 
van onderuit in de bekisting gepompt wordt, op de hechtsterkte. Hierbij werd de invloed 
bestudeerd van de positie van de wapeningsstaaf, volgens de hoogte en de lengtepositie in het 
element. In totaal werden 16 wandvormige elementen in ZVB vervaardigd (Figuur 2). In elke 
wand werden 20 wapeningsstaven gepositioneerd in de lengterichting, verdeeld in twee rijen 
met verschillende hoogteligging. Bij het onderzoek werd de invloed nagegaan van de 
vloeibaarheid (slump flow) van het ZVB en van de diameter, de horizontale en de verticale 
positie van de wapeningsstaven op de hechtsterkte. 
 
Figuur 5 Experimenteel programma met uittrekproeven op wanden 
  
 
Hoofdstuk 5 centraliseert alle bekomen resultaten. Op basis van een statistische en 
analytische studie van de bekomen resultaten, werd een nieuwe vergelijking voorgesteld voor 
de hechtspanningen in het geval van ZVB. Deze vergelijking beschouwt ook de ribhoogte als 
parameter, naast de klassieke parameters zoals ook beschouwd in bestaande modellen. 
Bovendien werd een waarde voorgesteld voor de ultieme slip, zoals bekomen met de 
statistische analyse van de experimentele resultaten. 
Op het einde van het hoodstuk wordt een constitutief model voorgesteld voor de aanhechting 
van ZVB en wapeningsstaal. Het model is gebaseerd op een bestaand model uit de literatuur, 
en werd uitgebreid met de nieuw bekomen waarden voor de hechtspanningen en ultieme slip. 
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Figuue 6 Constitutief model voor aanhechting 
 
Hoofstuk 6 is het laatste hoofdstuk, en geeft een samenvatting van de thesis, de conclusies 
zoals bekomen door de auteur, en vooruitzichten voor verder onderzoek. De belangrijkste 
conclusies worden hierna samengevat: 
 
• ZVB kan een hogere hechtsterkte vertonen in gebruikstoestand, terwijl de waarden in 
uiterste grenstoestand dicht liggen bij de warden voor traditioneel beton.  
  
 
• De invloed van de staafdiameter en de hechtlengte lijkt vergelijkbaar in het geval van 
ZVB en traditioneel beton. 
• De eigenschappen van het vers beton kunnen een belangrijke invloed hebben op de 
aanhechting in het geval van het vullen van de bekisting door het verpompen van het 
beton van onderuit. Dit leidt vooral tot verschillen in hechtcapaciteit, vooral in 
gebruikstoestand. In uiterste grenstoestand zijn de verschillen kleiner, alhoewel ze niet 
volledig verdwijnen.  
• De eigenschappen van het vers beton lijken geen invloed te hebben op de ultieme slip 
van de wapening. 
• Bij wijziging van de staafdiameter lijken kleinere dalingen in hechtsterkte bekomen te 
worden in het geval van ZVB met een hogere vloeibaarheid (slump flow).  
 
 
Naast deze 6 hoofdstukken omvat de thesis ook nog enkele appendices en enkele 
artikels gepubliceerd door de auteur. Dit deel rapporteert aspecten zoals het 
mengselontwerp van de beschouwde ZVBs, technische details betreffende de 
aangewende materialen, en bijkomende informatie betreffende de opgemeten 
hechtspanningen en slipwaarden. 
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1. Introduction  
 
1.1 What is Self-Compacting Concrete? 
 
On a simple approach, self-compacting concrete (SCC) may be presented as an 
innovative concrete which does not require vibration during placing. It may flow under 
its own weight, it may completely fill formworks and it may reach a corresponding 
compaction without the need of any mechanical vibration. Aside from such properties, 
SCC is able to pass through reinforcement bars even if this implies the passing through 
tight spaces, situation in which normal concretes would generate blockages [1]. The 
development of SCC is a considerable gain for the construction industry in terms of 
solving the problems incurred by concrete casting. This is not affected by the structure 
shape, the reinforcement quality and type, or the skills and knowledge of the workers, 
all due to the qualities of self-compacting concrete such as flow ability, passing ability, 
and stability. 
In order to achieve such performances, the mix design process must be 
reconstructed compared to that of conventional vibrated concrete. First, we must start 
with the fresh properties to be achieved, continuing afterwards with the mechanical and 
durability properties. The self-compaction of this concrete may be obtained through two 
procedures: the use of admixtures (superplasticizers) and viscosity modifiers or the 
addition of mineral powders, necessary to increase the paste content. Powder-type 
SCC is experiencing a much larger development due to reduced costs and increased 
stability [2].  
The introduction of SCC represents a technological advance leading to a higher 
quality in obtaining concretes, as well as an increased efficiency for the execution 
process. The elimination of vibration also generates beneficial effects over the labour 
conditions during the concrete production process. The use of this type of concrete 
fulfils all the durability and sustainability conditions defining regular concrete thanks to 
the advantages it can provide for the construction industry:  
• productivity increases by reducing casting times, which usually leads to a decrease 
in machinery and personnel cost, thus resulting in total execution times reduced by 
up to 20-30% [3]; 
• the durability of elements increases due to an increase in composition homogeneity, 
while the surface between the cement paste and aggregates is improved [2]; 
• enables the development of a new pumping technique, much faster and efficient 
(pumping from the bottom side of the elements), useful for prefabricated units or 
even monolith constructions [4]; 
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• enables the substantial decrease in noise emission on the construction sites, being 
advantageous for personnel performing the casting process; 
• requires less energy in the placing process due to the absence of vibrators, 
transformers and cables which can cause serious accidents to workers, aside from 
the energy consumption; 
• reduces the need for skilled labour necessary for the execution and placing, 
moreover eliminating the risk of disease caused by prolonged exposure to 
vibrations; 
• due to the increased quantity of powder used, it enables the use of recycled 
industrial waste, which may reduce the environmental impact; 
 
Like any still developing material, self-compacting concrete also requires the 
improvement of certain aspects relating to costs or material as follows: 
• is more sensitive to the quality of materials, requiring an increased level of control in 
terms of homogeneity or the influence of environmental factors over such materials; 
• the amount of superplasticizer used is higher than the conventional vibrated 
concrete, leading to higher concrete costs, but oftentimes, these costs are offset by 
the reduced costs of placing or production [4]; 
• requires a higher quality for the formworks of placing because, due to its fluidity, 
there is a possibility of formwork spillage or cracking as a result of the higher 
pressure exerted; 
 
In conclusion, self-compacting concrete may be considered as an innovative 
concrete with benefits for the construction industry, oftentimes successfully replacing 
vibrated concrete. Furthermore, the use of self-compacting concrete provides additional 
quality for the production and placing process, ultimately leading to higher quality 
constructions from all perspectives. 
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1.2 Historical Landmarks in the Development of Self-Compacting 
Concrete 
 
The concept of self-compacting concrete is not new, as illustrated by applications 
such as casting under water requiring concretes which could be placed in the desired 
locations without the necessity of compaction. The first self-compacting concretes 
required the use of large quantities of cement. The mixtures required adequate casting 
methods in order to avoid segregation or the occurrence of shrinkage and creep due to 
the high content of cement. In addition to such shortcomings, the cost of these 
concretes was extremely high, being used scarcely on construction sites, thus resulting 
in a reduced number of applications. 
The introduction of the self-compacting concrete concept is associated with the 
efforts of developing a new, high quality concrete, produced in several research centres 
in Japan around the 1980s. Scientist primarily focused their attention towards a major 
shortcoming of conventional concrete, namely uneven compaction. These things lead 
to the occurrence of the first self-compacting concrete mix presented in Okamura and 
Ozawa during the “East-Asia and Pacific Conference on Structural Engineering and 
Construction 1989” conference [5]. In May 1992, Professor Ozawa’s presentation 
during the ACI CANMET&ACI International Conference Workshop accelerated the 
spread of the self-compacting concrete concept around the world. After the work of 
Professor Paul Zia in Bangkok, which had a major impact in November 1994, self-
compacting concrete became a point of interest for many scientists worldwide [5].    
  Although the number of publications and researches concerning SCC had 
increased exponentially and provided a real advantage for the use of this type of 
concrete, the percentage of SCC usage in construction execution was relatively small 
for approximately 10 years since its launch. This was also due to a lack of provisions to 
guide the engineers and provide information regarding network design, placing or 
durability. The first steps in eliminating such shortcomings and the presentation of 
concrete information on the mix design process, fresh properties and placing were 
made by P.J.M. Bartos, who formed a technical committee with the main purpose of 
presenting the fresh properties of special concretes. The technical committee was 
supported by RILEM (International Union of Laboratories and Experts in Construction 
Materials, Systems and Structures) and was shown under the name of “TC 145 – WSM 
Workability of Special Concrete Mixes”. From this moment on, RILEM played an 
essential role in the development and promotion of self-compacting concrete worldwide 
[2]. The committee was successful in terms of works and studies presented, bestirring a 
genuine interest for the construction industry in Europe.  
In 1997, two major European companies were awarded a research contest held by 
the European Union, project which lead to the transformation of the TC 145 committee 
in a committee more directly focused on SCC and called “TC 174 – Self Compacting 
Concrete” (the committee was led by A. Skarendahl). The main objectives of this 
committee were the discovery and assessment of the research conducted around the 
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globe with regards to SCC and to provide a status for researches regarding self-
compacting concrete at an international level. The committee included members from 
10 countries on 4 continents. The committee called TC 174-SCC organized the “First 
International RILEM Symposium on Self Compacting Concrete, Stockholm 1999” 
symposium, showcasing 70 papers in 13 countries. The activity of the committee was 
concluded with a technical report “Report 023- TC 174 Self Compacting Concrete” [3].  
Based on previous success and the potential of self-compacting concrete, RILEM 
decided on organizing this symposium biannually, thus other symposiums such as 
(Tokyo 2001, Reykjavik 2003, Chicago 2005, Gent 2007, Montreal 2010, and Paris 
2013) being organized since. These symposiums were supported by the work of 
several researchers involved in other technical committees such as “TC-188 CSC 
Casting of SCC”. This committee began its work in 2001 and was concluded with the 
“Report 033 – TC188 CSC” report published in 2006 [6]. 
 The first national SCC guide appeared in France in 2000, but it only encompassed 
a small centralization of what was published hitherto.  
In 2001, a research program was launched, supported by the European Union, and 
called “Testing SCC”, whose objective was to identify the most compatible methods for 
testing SCC fresh properties. A series of tests necessary for standardizing these 
methods was conducted during these experimental programs. The project was 
concluded by publishing the final report in 2005 [7]. 
Aside from the work performed by RILEM, noticing the urgent necessity of 
guidelines, a group of companies began centralizing and collecting information 
concerning SCC, fact which led to the issuance of the first European guidelines for self-
compacting concrete entitled: EFNARC Guidelines for Self Compacting Concrete [1] in 
2002. It may be affirmed that the industry represented by such companies worked 
alongside researchers involved in the “Testing SCC” project, in 2005, resulting in the 
occurrence of a complete edition of the guidelines published in 2002 [8].   
The American Concrete Institute (ACI) only formed its first technical committee in 
2003, when the “ACI237– Self Consolidating Concrete” scientific committee began its 
activity. As a result of the work performed by this committee, two technical reports were 
provided to date (237R-07 – Self-Consolidating Concrete in 2007 [9] and the 237-XR 
Guide for the use of Self Consolidating Concrete report in 2010).  
Although the origins of self-compacting concrete lie in Japan, it did not record the 
same development there as it did in Europe or America, as the Japanese researches 
continued their studies, the industry showed reluctance in using SCC. Nevertheless, in 
2005 the “JSCE – Recommendations for self-compacting concrete” [10] Japanese 
recommendations were issued, providing features regarding the materials used, the 
fresh testing methods and the network design methods (being the only provisions which 
consider the type of viscosity admixture used) as well as hardened properties.  
As can be seen from its discovery, SCC provided and still manages to provide an 
exponential development, being considered an innovative material in terms of fresh 
properties and durability provided. Yet the same cannot be said of its mechanical 
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properties, with regards to which, most specifications state that they can be considered 
the same as for vibrated concrete. However, this cannot be ascertained due to the 
sometimes contradictory results in the literature, thus requiring guidelines concerning 
such properties at an international level. For this purpose, RILEM initiated in 2007 the 
“TC 228 MPS – Mechanical properties of Self-Compacting Concrete” technical 
committee led by Prof. Kamal Khayat and by Secretary Prof. Geert De Schutter. The 
committee aims to collect information regarding all physical and mechanical properties 
of self-compacting concrete, the centralization and presentation as a report as well the 
organization of a symposium. The report of TC 228 MPS was published in 2014 [11]. 
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1.3 Justification and Objectives 
 
  As was stated in the previous paragraph, the fresh properties of self-compacting 
concrete may be deemed to be pretty accurately defined and known on an international 
level. If, however, we were to refer to the physical and mechanical properties of SCC, 
we may observe several differences compared to vibrated concrete. These differences 
may be due to an increase in the quantity of powder used, the decrease of bleeding or 
segregation risk as well as the lack of a mechanical vibration, properties which can lead 
to a concrete with an uneven low structure and with few pores at the interface between 
the paste and aggregate. Thus, there is the possibility of a difference occurring during 
the concrete hardening process. Although it was successfully used on several 
occasions, there is a lack of knowledge with regards to the mechanical properties of 
SCC, oftentimes accepting only the application of specifications used for vibrated 
concrete (VC) [12], easily explainable by virtue of the benefits provided by SCC, 
namely its fresh properties. Due to such benefits, the majority of studies focused on 
developing these properties, being satisfied with the statement that self-compacting 
concrete possesses at least the same properties as vibrated concrete, yet not based on 
studies conducted specifically for testing purposes.  
 In recent years, however, studies have appeared with the main purpose of 
observing the influence of various SCC compositions on the hardened properties. This 
variation may positively or negatively influence the mechanical properties such as 
compressive strength [2], [13], [14], tensile strength [15], modulus of elasticity [16], [17] 
or even the bond between concrete and reinforcement. The bond mechanism between 
the concrete and the reinforcement significantly influences the anchorage lengths, the 
support capacity of the structural elements, crack openings and the distance between 
them. The concrete-reinforcement bond is quantified by a relation defining the bond 
strength [18]. This parameter depends on the behaviour peculiarities of the concrete – 
reinforcement cooperation by phenomena such as: interface adhesion, friction between 
the two component materials, concrete – concrete friction, creep and shrinkage [19]. In 
general, the concrete – reinforcement bond seems to be a simplistic concept presented 
as the transfer of tangential stress from the surface of a bar to the concrete matrix 
surrounding it. The concept may be defined as the change in force occurring along the 
bar, relative to the area of the bar where no variation occurs for its characteristics. 
 In terms of bond strength in self-compacting concrete, certain guidelines [12] 
specify that it may be deemed as similar to the vibrated concrete, in recent years, 
however, the number of studies increased, the majority of which presenting an 
enhanced bond strength capacity for SCC as opposed to VC. Certain studies [20], [21], 
[22], have been presented even more significant increases in self-compacting concrete 
ranging between 20% and even 45%. Aside from these studies, others have reported 
decreased strength for self-compacting concrete, one of which being conducted by 
M.Reza [23], who supported a decrease in bond strength of up to 20% compared to 
VC. As we can see, the results still vary significantly. This variation may also be found 
Chapter 1 : Introduction 
7 
 
in Domone’s [14] synthesis, which includes an analysis of over 70 studies, concluding 
that SCC may feature a bond strength equal to or higher than that of VC. Yet due to the 
variety of materials used, certain behaviour in terms of bond cannot be drawn, as a 
larger number of tests for various compressive strength classes and various bar 
geometries are required. 
 Given such reasons, the justification and also the purpose of this doctoral thesis 
arises, namely of studying the phenomenon of bond between self-compacting concrete 
and reinforcement bars. The studies conducted for the doctoral thesis aim at providing 
a contribution, both theoretical and practical, regarding the physical and mechanical 
properties of self-compacting concrete, with an emphasis on its bond to the 
reinforcement bars.  
 The paper is structured into two main parts: the theoretical part with reference to 
the properties of self-compacting concrete and the studied parameters and the practical 
part presenting two experimental programs primarily aimed at studying the 
phenomenon of bond in self-compacting concrete. Two main methods are specified in 
the literature [10] for testing the bond between concrete and reinforcement: testing a 
cube type element by pulling out a single bar embedded within it (pull-out) or pulling out 
a single bar embedded within a beam subject to bending stress (beam stress). The 
latter method, the beam test, certainly generates a closer estimate to the real bond 
phenomenon due to the much closer configuration to elements usually operated with 
concrete structure. On the other hand, however, this method renders the result of 
combining several parameters while the pull-out method, due to the configuration of its 
elements, may more easily show the influence of the concrete type through its 
resistance to compression or the diameter of the bar used. As the aim of this paper was 
to make a comparison between self-compacting concrete and vibrated concrete, with 
the main parameters connected to the compressive strength or bar diameter, the pull-
out method is more appropriate for both the first as well as for the second experimental 
program   
 As aforementioned, the objective of the experimental programs presented in this 
paper was the study of bond in self-compacting concrete, but with major differences 
from the studied parameters, as follows: 
• A comparison was made during the first experimental program between the 
studied parameters for both self-compacting concrete as well as for conventional 
vibrated concrete, the main influence factors observed were:  
 compressive strength;  
 diameter of the reinforcement bars;  
 bar anchorage length;  
 bar type – ribbed or plain;  
 concrete casting direction 
 element testing direction.  
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• Some of these parameters were also observed during the second experimental 
program, yet they were classified as second tier parameters such as: 
 influence of self-compacting concrete slump flow capacity over bond; 
 influence of concrete settlement under the reinforcement bars ; 
 verifying the influence of the bar diameter on bond strength, for both 
the initial and final stage;  
 
• As a final part of this study, due to the similarity of the testing method used in both 
experimental programs, one aimed at comparing the results obtained as well as their 
integration in a mathematical model. This model can be used to evaluate bond 
depending on parameters such as concrete compression strength or the geometrical 
characteristics of the reinforcement bar (the distance between the ribs and the height 
thereof).   
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1.4 Thesis Structure 
 
Chapter 1 provides a brief introduction regarding self-compacting concrete, including 
some of its possible definitions as well as the main advantages and disadvantages of 
using this type of concrete in the construction industry. Aside from these elements, the 
chapter includes a presentation of worldwide historical landmarks for the development 
and use of self-compacting concrete. Moreover, this chapter also presents the 
justification and objectives of the thesis as well as its structure.  
 
Chapter 2 entails a review of self-compacting concrete properties, including researches 
conducted at an international level with regards to composition, fresh or physical and 
mechanical properties. Each aspect contains references to experimental studies, 
standards or recommendations underlying the production and use of self-compacting 
concrete at a large scale from civil construction to industrial or infrastructure 
applications. 
 
Chapter 3 comprises of a detailed presentation of bond and the factors influencing this 
phenomenon. This chapter refers to the influence of bar concrete covers, anchorage 
lengths, confinements, bar position during casting, geometrical characteristics of the 
bars as well as the mechanical properties of concrete. After this overview, the chapter 
provides a presentation of some of the most important experimental studies conducted 
worldwide which have referred to the phenomenon of bond in self-compacting concrete. 
 
Chapter 4 includes two experimental programs conducted within the doctoral thesis, 
both with the topic of studying bond in self-compacting concrete. The first study 
comprises of testing a number of elements (cubes) of various configurations, necessary 
for observing the bond phenomenon. The tests were conducted on self-compacting 
concrete and vibrated concrete. The second part of the chapter includes the 
presentation of an experimental study featuring the testing of 16 walls made from self-
compacting concrete with various fresh and hardened properties. The main purpose of 
this program was to determine the influence of pumping these concretes from the lower 
side of the elements on the bond of bars arranged by element length. 
 
Chapter 5 provides a theoretical part comprising of a centralization of the best known 
and used mathematical methods performed for the assessment of bond strength, for 
both conventional vibrated concrete as well as for self-compacting concrete. Moreover, 
provisions regarding the determination of bond for some of the best known design 
codes are provided. The second part of the chapter compares the experimental results 
obtained under the provisions of literature models, referring to the ultimate strength and 
slip. Aside from these aspects, the final part of the chapter also provides a 
mathematical model proposed for determining the bond in self-compacting concrete, 
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model which closely observes the results obtained during the two experimental 
programs. 
 
Chapter 6 is the final chapter and comprises of a centralization of conclusions 
formulated as a result of the studies presented. Aside from this centralization, the initial 
contributions made by the thesis at hand concerning the aspects connected to the bond 
phenomenon in self-compacting concrete, and finally presents certain research and 
development directions for the subject covered herein. 
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2. Self-Compacting Concrete 
2.1 Composition of Self-Compacting Concrete 
 
Self-compacting concrete has the great advantage of comprising of materials used 
for the production of conventional vibrated concretes, although it is classified within the 
special concretes category. The most common recommendations such as „The 
European Guidelines for Self Compacting Concrete” 2005 [8], „ACI Committee 237–
Self Consolidating Concrete” 2007 [9] or „JSCE Recommendations–Recommendations 
for Self-Compacting Concrete” 2005 [10] indicate the use of materials regulated by the 
standards in force for traditional concretes. Europe recommends the use of materials 
regulated by EN 206-1 [24] for traditional vibrated concrete, referring to specific 
standards for each component of the mixture. The American recommendations refer to 
the ASTM (American Society for Standardization) standards, while in Japan; the 
recommendations refer to JSCE (Japan Society of Civil Engineers).  
Generally, the composition of SCC may be deemed as consisting of: cement, 
aggregates, additions, water, superplasticizer additives and sometimes viscosity 
admixtures (Figure 2-1). 
 
Figure 2-1 Composition of self-compacting concrete 
Paste  
-cement 
-mineral additions 
-water 
Aggregates 
-sand 
-coarse aggregate 
Admixtures 
-superplasticizers 
-VMA’s 
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2.1.1 Cement 
The cement used must meet the minimum composition requirements of cement 
used for ordinary concretes, without the necessity of special requirements in terms of 
cement properties. Most self-compacting concrete studies and applications use 
Portland CEM I cement combined with one or two additions, only in approximately 5% 
using 3 or more additions [2] . 
Depending on the necessary mechanical or durability properties specific for each 
application, cement composition may vary quite significantly. European specifications, 
[25], [8] recommend the use of any type of cement according to EN 197-1 [26].  
The Japanese specifications [10] present more detailed aspects relating to the 
cements used, covering two types of cement:  
- Belite – rich portland cement, a type of cement with high binder content and 
low-heat portland cement. Implies a high deformability and strength at a low W/P ratio.  
- Binary/ternary system low-heat cement, a type of cement made of normal of 
moderate-heat portland cement mixed with ground granulated blast-furnace slag and/or 
fly ash. Can be used where is desired a low hydration exothermic without reducing the 
power content.  
The 237 ACI Committee [9] allows the use of any type of cement regulated by the 
ASTM C 150, C 595 and C 1157 American standards.  
2.1.2 Aggregates 
Aggregates play an important part in concrete. With the increasing need for a 
higher quality concrete mixes, aggregate properties have gradually become an 
important factor in producing concretes. Defined as a high performance concrete, with 
special requirements in terms of workability, self-compacting concrete is presenting 
certain limitations with regards to the size or roughness of aggregates. Its flow, filling or 
settlement capacity or concrete stability is influenced by the ratio between the coarse 
aggregate and mortar volume, recommended to be around 0.45 [9]. In principle, 
compared to crush aggregate, natural aggregate is more effective if an increase in 
fresh concrete workability is desired. This is due to a surface free of corners which 
provides an increased passing capacity for the same water content, thus reducing the 
risk of blockages between aggregates and reinforcements. But this does not seem to 
be an impediment for using quarry aggregates in the absence of river aggregates, the 
literature [2] specifying that no sensitivity or necessity of increased powder volume was 
observed for concretes produced with this type of aggregates. 
Aggregates must observe the requirements of EN12620-1 [27] concerning the 
sizes and mechanical properties of aggregates as well the provisions of EN 206-1 [28] 
concerning the performance, conformity and production. The maximum sizes used are 
not different from those for vibrated concrete. The maximum size is determined by the 
specific of each individual application, yet we must mention that a decrease in the 
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maximum size of the coarse aggregate may lead to an increase in stability for fresh 
concrete. This is emphasized by the European specifications recommending the use of 
a maximum size of the coarse aggregate between 12 and 20 mm, recommendation 
also included in ACI 237R [9] which states that the maximum size of the coarse 
aggregate for SCC shall be determined as one class lower than the one specified in 
ACI 301 [29] for vibrated concretes. In the same time the maximum content of coarse 
aggregate shall vary between 28% and 32% of the total concrete volume. 
Different from the specifications for normal concrete, the particulars for self-
compacting concrete focus on the fine part of the aggregates deemed to provide fresh 
properties benefits, thus the determination of the paste content must be taken into 
consideration. However, there is a difference of opinion regarding the size for which 
sand is considered a fine part, European specifications [8] stating that this size is 0.125 
mm, while the Japanese specifications only state 0,075 [10]. 
2.1.3 Additions 
The use of additions arose from the need to produce more economic self-
compacting concretes with cement consumption as low as possible. For the production 
of the first self-compacting mixtures, an increased quantity of cement and 
superplasticizer were used to obtain an increase fluidity of fresh concrete and to reduce 
the risk of segregation during transport and placing, fact which significantly increased 
the cost of concrete [30], [31]. In order to eliminate these SCC deficiencies, attempts to 
use various mineral additions were made, among the most popular and recommended 
being: mineral fillers, plant waste or silica powder. EN206 [32] provides a classification 
of such additions depending on their reactivity with water, and distinguishing two types 
shown in Table 2-1.  
By combining these mineral additions with cement, the behaviour of fresh concrete 
can be significantly improved. The main objective is to ensure the uniform distribution of 
particles within the paste and to ensure the best cohesion possible between materials. 
In the case of SCC, it is important to achieve the most efficient combination of 
components in order to obtain a concrete with an adequate viscosity and passing 
capacity, as well as a proper resistance to segregation. These features are influenced 
by the properties of each individual component as well as by the physical and chemical 
reactions between them.  
 
Type Reaction with water Examples 
Type I Inert or semi-inert mineral fillers (limestone, dolomite)  pigments 
Type II 
Pozzolanic fly ash EN 450 
silica powder EN 13263 
Hydraulic blast-furnace slag  
Table 2-1 Classification of mineral additions, EN 206 [32] 
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Mineral fillers – are regarded as being inert in the reaction with water and are obtained 
by grinding limestone, they may be used to achieve a better distribution of cement in 
the paste volume, this fact leading to an increase in paste density. The fine part of the 
mineral fillers increases the absorption surface of the mixture, and it can be regarded 
as a mechanism for regulating the water content.  
The embedding of the limestone filers decreases the necessary superplasticizer 
[33], considerably increases the rheological properties and reduces the risk of concrete 
cracking in the upper side due to excessive hydration, thereby making it possible to 
produce more durable concretes. Certain studies [34], [35] showed that by using a 
greater volume of limestone filler, the volume of necessary cement may be decreased 
in order to achieve the necessary properties regarding slump, viscosity or compression 
strength. No differences in terms of compressive strength were observed for early age 
concrete (1 day), while for the 28 day strength, the differences were greater than 10% 
compared to those of self-compacting concrete only made with cement.  
 
Silica powder – may increase the stability of the self-compacting concrete mixes. The 
stability of the mixture is increased by the capacity of silica powder to reduce the free 
circulation of water within the concrete matrix. For low levels of replacement, 5% or 
less, the plastic viscosity of the mixture decreases [9]. The percentage of replacement 
with silica powder is influenced by the sizes and distribution of cement particles. The 
Silica powder embedded in the self-compacting concrete reduces the friction between 
the large particles of cement due to the small size of its particles, essentially lubricating 
the resulting paste. The high level of finesse and the practically spherical shape of the 
silica powder lead to an adequate cohesion and to an increase in segregation 
resistance. Aside from these properties, silica powder is extremely efficient in reducing 
or even eliminating the bleeding [36]. This latter aspect, although beneficial for self-
compacting concrete, may lead to issues concerning the excessively fast hardening of 
the surfaces, resulting in defects thereto, issues in transport or issues related to 
finishing.  
Some results indicate the fact that it may be also possible to obtain high 
performance self-compacting concretes may also be obtained by using an increased 
volume of silica powders (up to 10%), with a cement content reduced to 180kg/m3. 
Concretes produced based on such mixtures demonstrated satisfactory mechanical 
properties as well as excellent characteristics in terms of durability [37]. 
 
Fly ash – has proved to be efficient as an SCC addition, ensuring an increased 
cohesion between materials and a reduced sensitivity to the variation of water content. 
The majority of ash particles are spherical, with a smooth surface, acting as a link 
between the aggregates and cement and helping to achieve a uniform transmission of 
stress in the concrete paste. This is the reason why the use of fly-ash ensures a proper 
workability, strength and slump flow distance adequate for SCC. The use of such 
mineral additions can positively change the slump properties of SCC without increasing 
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the costs, while a significant decrease in the superplasticizer dosage normally used for 
concretes made with Portland cement is also possible [38]. 
The slump values of self-compacting concrete are increased when approximately 
20-40% of the cement quantity is replaced by fly ash [39], [40], [41]. The optimum 
replacement processes are dictated by the particular application, material compatibility 
as well as by costs [42]. 
The increased fly-ash levels may lead to a slump resistant cohesive paste, being 
potentially detrimental to SCC, although certain recent studies have demonstrated that 
a high percentage of fly ash of up to 60% may be used in the total powder content [43].  
The use of fly ash reduces the cracking potential of concrete at low hydration 
temperatures, Its embedding in SCC increases the resistance to cracking for early age 
concretes, but is  high influenced by the type of ash used [43]. 
Since fly ash retains more water than the cement particles due to its spherical 
shape, its use in self-compacting concrete mixtures may reduce both the autogenous 
and the plastic creep [44]. 
 
Granulated blast furnace slag - is a component material present in CEM II and CEM 
III cements. The American specifications [9] recommend the use of blast furnace slag in 
accordance with the ASTM C 989 standard, specifying that before placing, the testing 
and mentioning of fresh properties for the concrete produced are necessary. Used in 
large quantities, it can affect properties such as stability, robustness and can increase 
the risk of segregation [8].  
2.1.4 Admixtures 
The most common admixtures used for SCC are the superplasticizers (high 
capacity water reducing additives) or viscosity reducing additives according to EN 934-
2 [45]. The majority of superplasticizers are produced based on polycarboxylates, their 
advantage being the possibility of their use in order to increase mixture slump, while the 
viscosity modifier additives provide an increase of viscosity to enhance mixture stability. 
In some cases, the high capacity water reducing admixtures may be used together 
with viscosity reducing admixtures, their use potentially resulting in an increased slump 
and an adequate viscosity. A superplasticizer used with a viscosity admixture enhances 
viscosity and increases the mixture ability to withstand water variations from one bulk to 
another, yet its compatibility with the superplasticizer must be taken into consideration 
[2]. The use of viscosity admixtures isn’t always necessary but it may prove 
advantageous when producing low powder value mixtures or when using aggregates 
with high variation of particle sizes from one bulk to another. 
Since the viscosity admixtures do not increase the paste content, in ACI [9] is 
stipulated that for the production of low powder content mixtures with viscosity 
admixtures in applications where dense reinforcements exist, a prior testing of 
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properties relating to the slump and stability of the newly designed self-compacting 
concrete is highly recommended.  
Due to the multitude of superplasticizer types on the market and to the absence of 
a norm regarding viscosity modifiers, both the European norms [8] as well as the 
American norms [9] recommend consulting the manufacturer with regards to physical 
and chemical properties as well as to reactions with the materials used in producing the 
future mixture prior to the use of such product.  
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2.2 Fresh properties of self-compacting concrete (SCC) 
2.2.1 Rheology 
Rheology is the science of deformation and flow of matter, its purpose is to 
understand these properties in order to enable the production of a self-compacting 
concrete with fresh properties as close as possible to those needed for the easy and 
smooth application [9].  
Producing such a concrete mix with certain rheological properties does not 
represent a new branch of science in the field of concrete constructions, but upon the 
introduction of SCC the importance of this science may be considered as increased. 
Moreover, properties such as the filling capacity, workability, flow, stability, ability to be 
pumped or consistency have become much more important than before. 
The specialized literature lists several methods for testing and determining the 
rheological properties of this type of concrete. The following three are among the most 
important: 
1. Empirical method 
2. Concrete testing by using a concrete adapted rheometer 
3. Models for flow simulation 
 
Each method has its own advantages. All of three methods are used in parallel 
depending on the necessities and the features of each individual application. The 
empirical method is cheap and easy to use in the field, being able to provide 
information on the properties of concrete during placing. The construction of the 
rheometers adapted to concrete is a step further compared to the empirical method 
because they render physical entities adapted to the flow properties (yield stress or 
plastic viscosity). These values can be used to predict concrete behaviour for a 
multitude of applications, thus the most suitable concrete may be selected while saving 
material. The last method, the computer-aided flow simulation, is the safest and the 
only one which can predict concrete flow properties with values very close to reality, by 
simply assessing its composition without performing test mixtures, but so far it may be 
considered as a new method and it still requires development for a future wide-spread 
usage, both in research centres and on construction sites [7]. 
Self-compacting concrete is deemed by most researchers to behave like a 
Bingham fluid [2]. The flow of such liquid is described by two entities: unit shear stress 
and plastic viscosity. The shear stress is the necessary stress which initiates the motion 
of concrete while plastic viscosity is a definitive feature of concrete flow; more exactly it 
represents the value that determines the flow mode of the concrete. A Bingham fluid is 
characterized by a linear relation between shear stress and deformations which appear 
in the paste volume being characterized by the parameters presented in equation 2.1. 
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Figure 2-2 Models of fluid flow 
 
The Bingham model derives from the Newtonian one and it implies a need for a 
certain unit shear stress in order to obtain a certain deformation, thus by increasing the 
shear stress the paste deformations shall also increase. Considered as relevant for the 
description of fresh self-compacting concrete behaviour, the Bingham model is 
presented in Figure 2-2. In order to work out a comparison within the same figure, the 
Newtonian model is also presented and it implies the absence of the initial yield stress, 
the deformability of the latter occurring simultaneously to the shear stress (this model is 
described by equation 2.2). 
 
 
 γµττ ⋅+=
⋅p0  2.1 
 γµτ ⋅=
⋅  
2.2 
 
Where: τ is the shear stress (Pa), 0τ  is the unit shear stress (Pa), ⋅pµ is the plastic viscosity (Pa*s); 
γ deformation. 
 
The desired rheological properties for self-compacting concrete are represented by 
a low yield stress (closest possible to the Newtonian fluid) and an adequate plastic 
viscosity. The latter depends very much on the materials used, the casting technique as 
well as the concrete type and structural configuration to be used. 
2.2.2 Workability 
Self-compacting concrete workability can be described as the easiness with which 
the concrete can be mixed, placed, compacted and finished. According to RILEM, in 
terms of workability, the self-compatibility can be defined as the ability of concrete to 
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flow after it is discharged from the pumps, only under the action of gravity. Self-
compactability, as a fresh concrete property, can be described depending on several 
necessities which derive from those specified above, the most important ones being: 
the filling capacity, passing capacity and segregation resistance. 
 
a. Filling capacity 
May be described as the ability of the SCC to flow through and completely fill the 
gaps of a formwork without the need for mechanic consolidation. This property is 
important during the selection of the casting method and determine the distance 
between the points where concrete is to be cast. The filling capacity refers to both 
mixture deformability (concrete flow distance under its own weight) and deformation 
velocity (flow rate) [2].  
In order to achieve a good filling capacity, concrete must observe certain conditions 
and present some particular properties. 
 
Low friction among the particles 
In order to obtain concrete with as highly deformability as possible, one may resort 
to reducing the friction between the solid particles in the mix (fine aggregate, coarse 
aggregate and all types of additions). Aggregate-aggregate friction must be brought to 
the lowest level by limiting the direct contact between particles. In order to achieve this, 
the distance between particles must be increased by reducing the amount of coarse 
aggregate or by increasing the amount of paste in the mixture. In order to reduce 
friction between the powder-type particles of the additions increasing the water content 
within the paste is not recommended. Using a high quantity of water may lead to 
concrete segregation, thus generating the possibility of obtaining concrete with low 
hardened performances both from a resistance and durability perspective. The paste 
must provide as high deformability as possible and this requires adequate particle 
dispersion, fact achieved by using superplasticizers [3]. 
 
High deformability paste 
If we want to obtain concrete with an adequate self-compaction reducing the 
friction between its content solid particles is not enough. Paste itself needs to have a 
good deformability. As a consequence, in order to obtain concrete capable of 
overcoming various obstacles and reaching a good filling capacity, it is important to 
ensure a good flow capacity and an adequate segregation resistance. This is attainable 
by adding superplasticizers which can increase deformability without decreasing the 
cohesion among particles. Nevertheless, we must take into account the fact that using 
superplasticizers for large quantities combined with a low water/powder ratio can 
negatively affect mixture behaviour because concrete will tend to have a higher 
deformability but with a lower flow rate. In conclusion, obtaining a concrete with a good 
filling capacity implies the close observation of the following aspects: 
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Action Procedure 
 
Reduction of friction among particles  
 
Content of coarse aggregate must be as 
low as possible which implies a high 
content of paste 
Optimal content of addition relative to the 
aggregates and the cement used  
 
Increasing  paste deformability 
 
Superplasticizers 
Optimal water/powder ratio 
Table 2-2 Requirements to observe in order to achieve an adequate filling capacity 
 
b. Stability – segregation resistance 
 Concrete stability can be described as the ability to remain homogeneous during 
the mixing and placing processes. There are two types of segregation, both are 
extremely important for self-compacting concrete. 
i. Dynamic segregation – it refers to concrete resistance to the separation tendency 
of components during formwork casting. An adequate dynamic stability is 
necessary for SCC in the moment when the shape of the formwork elements 
implies passing through narrow spaces. 
 
ii. Static segregation – it refers to the concrete resistance against the free water flow 
(bleeding), segregation or sedimentation from the surface while concrete is still in 
the plastic phase, if this feature is not taken into account, great variations of the 
mechanic properties can occur for the elements produced by using this concrete. 
 
EFNARC [8] presents SCC stability under a general denomination of segregation 
resistance, covering both the dynamic and static stability. During placing, self-
compacting concrete can have multiple segregation forms: 
- Flow of free water, physically or chemically unbound 
- Segregation between paste and aggregates 
- Blockage tendency for coarse aggregates 
 
In order to avoid the first form of segregation, the decrease of free water from 
within the mixture is essential. This can be attained through several procedures such as 
the optimization of the water/powder ratio or the use of additions with a greater 
absorption surface [46]. 
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The segregation between paste and coarse aggregate can be limited by obtaining 
a paste which is able to keep the aggregates inside. This can only be attained by 
having a sufficient interaction force between the cement and the aggregate. This force 
is deemed to consist of bond and friction forces between the two phases. Using this 
method implies the risk of the mixture having a high cohesion between components 
and that its deformability and flow rate may be affected, important properties for SCC. 
Thus, using a lower water/powders ratio may be considered as practical in order to 
increase concrete segregation resistance. Sometimes, depending on the application 
specifications, viscosity admixtures (VMA) may be used to achieve an adequate 
segregation [47]. 
In conclusion, we can tell that for reaching an adequate segregation resistance 
have to be taken into account the following conditions: 
 
Action Procedure 
 
Reducing the separation between solids 
 
Limiting the coarse aggregate content 
Reducing the aggregates size 
Low water/powder ratio 
Viscosity admixture 
 
Minimizing free water flow (bleeding) 
 
Low water content 
Low water/powder ratio 
Viscosity admixture 
High surface additions 
Table 2-3 Requirements to observe in order to achieve an adequate segregation 
resistance 
c. Passing capacity 
Refers to the ease with which concrete can overcome different obstacles such as 
arrow-shaped spaces (narrowing of the cross section) without blockages. SCC may be 
considered with good deformability only when it simultaneously meets the requirements 
concerning the filling and passing abilities. 
 
 
 
Figure 2-3 Pitching of concrete in narrow spaces 
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Self-compacting concrete must have a good flow rate and at the same time 
segregation resistance in order to be considered effective. In the case of arrow-shaped 
sections or in spaces where there is a short distance between the reinforcements, the 
SCC is required to meet an additional requirement: passing capacity, to avoid 
aggregate blockages. Compatibility must exist between the free space sizes and the 
aggregate dimensions. The blockage mechanism can be explained by using a bi-
dimensional model for concrete which passes through an arrow-shaped space (Figure 
2-3). Because of the section narrowing aggregates shall have to pass through a smaller 
space, thus the risk of an arc occurrence which can block the concrete flow. The 
formation of these blockages depends on the size and amount of aggregates used. In 
case of small-sized aggregates the probability of such arcs is much lower. 
In short, for a concrete with a good filling capacity and segregation resistance, 
blockages will appear in the following conditions: 
• The maximum size of the aggregate is too high 
• The content of coarse aggregate is too high  
 
Also note that if the concrete has the tendency to segregate, the blockage risk in 
such sections is increased even for smaller-sized aggregates. In conclusion, to reach 
an adequate flow rate we must take into account the aspects detailed in the following 
table: 
 
Action Procedure 
Increase of cohesion between 
materials to reduce segregation  
Low water/powder ratio 
Use of viscosity admixtures 
Compatibility between free space and 
aggregate sizes 
Low volume of coarse aggregate 
Limiting the maximum size of aggregates 
used 
Table 2-4 Requirements to follow in order to achieve an adequate passing capacity 
 
In order to obtain an adequate self-compacting concrete the most effective 
combination of the properties described above has to be applied. Depending on the 
specific field of application each concrete is different but has to be taken into 
consideration that all of the three properties are necessary to obtain in the end a 
superior quality concrete, which fulfils all requirements of the design requirements. 
Sometimes the design requirements may generate certain properties to be met by 
SCC, without ignoring the aforementioned; in fact, the close knowledge of the three 
properties can easily lead to properties such as: flow rate, ability to be pumped, auto-
finishing potential, auto-levelling or wash resistance. Usually, these properties are 
deemed as implicit or due to an unimportant design requirement, their testing being 
rarely required, a thing much more difficult to achieve due to the uncommon testing 
methods which sometimes imply the use of a larger concrete quantity [2]. 
Chapter 2 : Self Compacting Concrete 
23 
 
2.3 Testing methods for SCC fresh properties 
 
During recent years numerous methods for determining the fresh properties of self-
compacting concrete were tested and developed worldwide. The main properties 
evaluated are the ones presented in the previous chapter: 
• filling capacity 
• resistance to segregation 
• passing ability 
 
It is necessary to evaluate these properties by methods as expressive and relevant 
as possible. In developing such methods, has to be taken into account the fact that 
SCC properties cannot be tested as individual entities due to a strong connection 
between them. We may easily affirm that the filling capacity includes elements referring 
to viscosity, which in turn influences the ability to pass through. Thus, due to this close 
interaction between the main properties of self-compacting concrete, the evaluation 
methods cannot separate the properties because they would inevitably cover other 
characteristics regarding the other properties.  
This fact may be considered to the advantage of engineers and technicians on the 
sites, a single testing method being sometimes used to obtain acceptable results 
regarding SCC properties. The results necessary to verify if a certain concrete 
corresponds to the requirements imposed by the design theme or not. Literature 
features a multitude of testing methods for the aforementioned properties, but only a 
few of them are used in the majority of laboratories or sites. This is due to their 
simplicity or to the equipment used, and at other times due to the fact they were also 
used for conventional concrete (thus eliminating the necessity of learning a new 
procedure by the test performing engineers). In Table 2-5 and the following pages are 
presented testing methods used on this study to determine the characteristics of the 
fresh self-compacting concrete.  
 
Method used Properties observed 
Abrams Cone 
Filling capacity – fluidity 
Segregation resistance - viscosity 
V Funnel Filling capacity – fluidity 
L Box Passing  ability – rate of blockage 
Sieve  Segregation resistance – viscosity  
Table 2-5 Testing methods and properties observed 
 
A broader presentation is shown in the reports or guidelines presented by the most 
representative organizations worldwide such as: RILEM through the Technical 
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Committee, TC 174-SCC (Skarendahl and Petersson, 2000 [3], Brite EuRam- Final 
Technical Report, (Grauers, 2000) [48], ACI Committee 237R- Self Consolidating 
Concrete (2007) [9], Specification and Guidelines for Self Compacting Concrete 
(EFNARC 2002,2005) [8], [1], European Research Project Report, (Schutter,2005) [7], 
JSCE Recommendation for Self Compacting Concrete (2005) [10]. 
 
2.3.1 Slump flow test (Abrams Cone) 
This method is the among the most popular methods used for assessing the 
properties of self-compacting concrete due to the relatively simple procedure and 
equipment, deriving from the slump flow test for conventional concretes described in 
the EN 12350-2 [49] standard. This method covers issues concerning the deformability 
of fresh concrete by observing the flow rate and size under its own weight.  
It is recommended for use in testing concretes with an increased fluidity, whose 
components include superplasticizers. It is not applicable to concretes prepared with 
aggregates with a maximum size exceeding 40mm [8].  
 
a) Equipment 
 
The equipment used must comply with EN 12350-2:  
- Base bed with minimum sizes of 900x900mm and a minimum thickness of 2mm, 
made from a waterproof and rigid material (preferably steel);  
- Abrams Cone with inner diameters 100/200mm and a height of 300mm, according 
to ISO 4190 [3].  
 
 
Figure 2-4 Slump determination – Abrams Cone 
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b) Recorded parameters and interpretation 
 
1. Slump (S) is determined as the arithmetic mean of the maximum diameter reached 
by concrete and the diameter perpendicular to it [48]: 
 
 
2
)( max perpddS +=  
 
2.3 
 
2. The T500 parameter – is considered as the period between lifting the cone and the 
moment when the concrete has reached a diameter of 500mm. This parameter is used 
to evaluate the viscosity of fresh concretes, or rather the flow rate thereof, yet not 
directly expressing its direct characteristic. One must mention that it is influence by 
concrete deformability, i.e. a concrete with a greater slump tends to have a short T500 
time, which may lead to advantages in case of larger elements or within prefabricated 
product factories where a rigorous determination of casting times is required [2].  
 
3. Aided by the data recorded in this method, Okamura and Ouchi 2003 [50] introduced 
a new characteristic for self-compacting concrete, namely deformability (Γ); its 
expression is given by equation 2.4: 
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2.4 
 Where: Sfl1, Sfl2 are measured diameters and Sfl0 is the cone diameter  
 
4. With the help of this method, one may also determine SCC segregation resistance 
through visual observation, fact possible due to the tendency of aggregates to remain 
central if segregation resistance isn’t high enough. ACI [9] provides an index called a 
stability index (VSI - visual stability index) by presenting certain value thereof 
depending on the observations concerning aggregate the segregation and clumps 
(Table 2-6).  
 
VSI Index Values Assessment criterion 
0= very stable No evidence of segregation during the test 
1= stable No clumps of aggregates present in the mixture 
2= unstable Small clumps of aggregate and mortar 
3= very unstable Traces of segregation observed, aggregate clumps in the centre 
Table 2-6 VSI values according to [9] 
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c) Classification of self-compacting concretes according to slump capacity and 
duration 
 
The EFNARC European guidelines [8] followed by the Eurocode 206-9 [32] classify 
self-compacting concrete into 3 classes ( SF1, SF2 and SF3) depending on the “S” 
parameter value which describes the slump of self-compacting concrete and two other 
classes depending on the T500 flow time; these classifications are presented in Table 
2-7 and Table 2-8: 
  
Class 
denomination 
D [mm] Application 
SF1 
550 
- 
650 
Filling ability is low, oftentimes a concrete with values <600 
no longer qualifies as SCC [2]. 
Unreinforced and poorly reinforced elements. 
SF2 
660 
- 
750 
The most recommended slump class is applicable for most 
elements (walls, columns, slabs, beams). 
SF3 
760 
- 
850 
Is recommended for performance only if the maximum size 
of the aggregate used is 16 mm and is generally used for 
vertical applications in structures with reduced spacing 
between reinforcements and with complex formwork 
shapes. Is recommended for prefabricated plants, having a 
greater flow rate and filling capacity, thus the element 
casting times can be reduced. 
 >850 
Values exceeding 850mm may only be achieved in special 
cases, however, the risk of concrete segregation and the 
maximum aggregate diameter must not exceed 12mm. 
Table 2-7 SCC classification depending on slump distance, see [8], [32] 
 
Class 
denomination 
T500 [sec] Characterization 
VS1 
 
T<2 
Concrete is characterized by a good filling capacity. 
Self-compacting is achievable and in general it provides 
a suitable finishing surface. 
It may suffer from segregation and water leakage. 
VS2 2<T<3 
Segregation resistance is increased.  
Negative effects concerning finishing quality and 
sensitivity to blockages in tight spaces may occur. 
Table 2-8 Viscosity classes depending on T500, see [8], [32] 
Chapter 2 : Self Compacting Concrete 
27 
 
2.3.2 The “V” Funnel  
The method is used to determine the viscosity and filling ability of self-compacting 
concrete. The test renders information concerning mixture viscosity by measuring the 
flow rate under its own weight and also rendering information regarding static 
segregation resistance by increasing the waiting time between filling the container with 
concrete and the actual commencement of the test. The application of such test for 
concretes with a greater flow capacity which comprise of superplasticizers is 
recommended. The test cannot be performed on concretes comprising of aggregates 
with a maximum diameter exceeding 20mm [8].  
a) Equipment – consists of a funnel with the shape and sizes shown in Figure 2-5. A 
steel construction and the placement on a vertical support are recommended, while 
the lower side must be fitted with a mobile cap to allow opening during the test.  
 
    
Figure 2-5 V Funnel Characteristics 
b) Recorded parameters and interpretation 
 
The initial flow time t0 and the flow time after 5 minutes t5 – May be considered as 
viscosity indicators only if the aggregate quantity and size are small enough compared 
to the lower opening of the funnel so that the influence of particle collisions may be 
neglected. 
 
Rate of passing through the funnel Vm  
 00 /05.2/)075.0*065.0/(01.0 ttVm ==   (m/s) 2.5 
 
Sf index – index which represents a relative flow value through tight spaces  
 005 /)( tttS f −=   2.6 
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 The determined parameters are influenced by concrete deformability, a concrete 
with a higher flow capacity tending to render a shorter time for passing through the 
funnel even if viscosity is constant [2]. The flow time as well as the rate may be used as 
viscosity indicators regardless of concrete deformability. In certain cases, viscosity may 
be assessed if is possibly to produce a concrete with constant flow capacity values. In 
this case, a longer time for passing through the funnel represents a high viscosity, 
being directly proportional and providing a high segregation resistance.  
 
Class T500 [sec] Characterization 
VF1 tv<8 
Concrete is characterized through a good filling capacity and high flow 
rate. Is capable of achieving self-compaction and generally has a suitable 
finishing surface. Equivalent to VS1 determined by T500, the equivalence 
factor between the two parameters being approximately 3.5 [2]. 
VF2 9<tv<25 
By increasing the flow rate, hydrostatic effects may occur, which may help 
to limit the pressure on formwork surface.  
Segregation resistance is increased. 
Table 2-9 Viscosity classes depending on the flow time through the V funnel, see [8] 
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2.3.3 L-box  
 This test was initially used in Japan to determine the characteristics of concretes 
about to be cast under water but is also applicable to concretes with high flow rate 
values such as SCC, thus becoming a typical method for self-compacting concrete. 
This test determines properties such as flow rate, ability to pass through tight spaces, 
the observation of a dynamic segregation is also possible [2] .  
 
Main parameters observed: 
• Flow distance (maximum distance reached by concrete in the box) 
• Time necessary to reach a set distance (flow rate) 
• Ultimate flow time 
• Segregation level (visual observation) 
 
Equipment – comprising of an L shaped box as described in Figure 2-6, two sizes may 
be used for the free spaces between reinforcements by variation of the reinforcement 
number, 2 bars for 59mm and 3 bars for 41mm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-6 L-box characteristics 
 
Recorded parameters and interpretation 
 
Passing ratio - is determined between two heights: H1 is the height of concrete at the 
tall end of the box, while H2 is the height of concrete at the opposite end. The ratio of 
these two parameters renders the ratio of concrete pass through described by equation 
2.7. 
 
1
2
H
H
PR =  
 2.7 
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Time T20 and T40  
In addition to the passing capacity, the concrete flow rate may also be determined by 
applying markings at 200 and 400mm on the L box, distance measured horizontally 
from the end of the vertical flap. If time necessary for concrete to reach these two 
parameters is determined, we may also determine its flow rate, however, we have to 
keep in mind that usually these two times are very close and require an increased 
precision in order to avoid errors in expressing the flow rate.  
 
He - height 
The parameter is defined as the free height remaining at the “free” end of the box as a 
result of concrete flow rate. Knowing the box sizes, the pass through capacity may be 
determined simply by measuring this height. The total volume of concrete constantly 
remains at 12L for a concrete with a pass through capacity equal to 1.00, thus the 
concrete height in the box shall be equal to 64mm. As a result, the He height may 
become a control parameter with a value of 86mm (150mm-64mm=86mm) for PR=1,00 
[2]. 
 
Pass through capacity 
This parameter may be determined based on the same reasons as before, being 
measured by the two heights H1 and H2. This approach is not as widespread, being 
present only in certain guidelines [7]. The equations below show the pass through 
capacity PL and the blockage ratio BL: 
 
 
maxH
HPL =
  
2.8 
   
  max
1
H
HBH −=
  
2.9 
Where Hmax=91mm and H=Hbox-(H2-H1) 
 
Classification 
The presented method renders information regarding the pass through capacity of 
concrete produced as well as information concerning its viscosity. European standards 
[8] present the classification of SCC depending on such properties. The table below 
provides two passing classes depending on the distribution of reinforcement bars: 
 
Class Pass through value ratio PR Number of reinforcement bars 
PA1 ≥0.80 For 2 reinforcement bars 
PA2 ≥0.80 For 3 reinforcement bars 
Table 2-10 SCC classification depending on passing capacity 
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 For slabs with a reinforcement spacing which cannot be less than 80mm, no legal 
provisions are required for passing capacity, however, the structures whose 
reinforcement spacing may be less than 60mm, performance of tests shall be 
necessary [7].    
Chapter 2 : Self Compacting Concrete 
32 
 
2.3.4 Sieve method  
 This method is used to determine the segregation resistance of self-compacting 
concrete by using a sieve with a special mesh size. It was developed on site as a 
simple method to immediately determine the segregation resistance of concretes, being 
also used for conventional vibrated concretes. Segregation resistance is represented 
by the ratio between the concrete mass passing through the sieve and the total mass of 
tested concrete. The tests observe information regarding the static segregation of 
concrete such as water flowing through the concrete mixture. For a concrete with a 
good segregation resistance, the latter must be absent. 
 
Equipment 
 The equipment used must meet the conditions specified in the EN1250-1 
Standard–Testing fresh concrete: sieve with square 5 mm mesh size, the overall 
diameter of the sieve being 300mm and the height 40mm; scale and stopwatch. 
 
 
 
Figure 2-7  Sieve characteristics for segregation resistance 
 
 Given the results recorded (initial mass, remaining mass, mass of concrete passed 
through the sieve), is possible to determine the S.I. (Segregation Index) value which 
represents the percentage of segregated concrete based on the overall quantity of 
tested concrete. This parameter is recommended to be as close to 1% as possible. The 
classification presented by the European guidelines is shown in Table 2-11. 
 
 
 
( )
c
pps
m
mm
SR
%100⋅−
=  
 
2.10 
Where: SR – segregation index; mps – mass of the concrete and lower part of the sieve; mp – mass of the 
lower part of the sieve; mc – mass of concrete placed in the sieve 
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Class 
Value of the 
segregation 
index 
Segregation 
resistance 
Applications 
SR1 ≤20% 
Suitable 
segregation 
resistance 
Thin slabs, vertical elements with a flowing 
spacing of less than 5m and a spacing 
between reinforcements exceeding 80mm. 
SR2 ≤15% 
Good 
segregation 
resistance 
Vertical elements with a flowing spacing of 
less than 5m and a spacing between 
reinforcements exceeding 80mm.  
Vertical elements with a spacing between 
reinforcements of less than 80mm and a 
flowing spacing of less than 5m, if the 
spacing exceeds 5m, the maximum value of 
SR=10% is recommended. 
Table 2-11 SCC segregation resistance classes, see [8] 
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2.4 Mix design and International recommendations regarding SCCs 
compositions 
2.4.1 Mix design methods 
Since its inception in 1980, self-compacting concrete was used for a variety of 
applications worldwide and not just due to its properties but also due to the possibility of 
usage in its composition of local materials. The composition of self-compacting 
concrete successfully incorporated material used for the production of conventional 
vibrated concrete, making it an attractive solution in the construction industry. It is 
indeed clear that there is a big difference between the modes used for designing 
vibrated concrete and self-compacting concrete mixtures. While VC features a well-
organized methodology which renders robust mixtures, this is quite difficult to achieve 
for self-compacting concrete. The major difference is that self-compacting concrete 
accepts more combinations of material and reaches the same properties, yet these 
combinations oftentimes contain several variables. In order to properly obtain SCC, 
considerations such as the following must be taken into account:  
 
1. obtaining a universal SCC mixture is impossible due to the variation of 
properties for material used; 
2. obtaining a unique method to include all characteristics and requirements 
imposed by the use of local material for each individual application is also 
impossible; 
3. due to the increased number of variables compared to VC, self-compacting 
concrete requires higher attention for designing the mixtures. 
 
 
As mentioned in the previous chapter, concrete must meet certain requirements in 
order to be considered self-compacting. These requirements relate to its fresh 
properties: filling capacity, segregation strength, pass through ability, flow rate, et al.  
In order to obtain an appropriate self-compacting concrete, some aspects 
concerning the influence and interaction between components present in the produced 
concrete there have to be considered. The limited aggregate content reduces to 
possibility of collision between aggregate particles, and this fact improves the passing 
capacity, yet the high content of paste, low water-powder ratio as well as 
superplasticizers grant fluidity and segregation strength to the mixture. Okamura and 
others 1998 [51] provided a simple method for sizing the necessary proportions by 
considering such elements, Figure 2-8 shows a diagram of the method described by 
Okamura.  
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Figure 2-8 Mixture design principles, see [51]  
 
A multitude of mixture design methods were tested and performed worldwide 
within research centres, but all methods generated certain limitations regarding 
materials for which they were tested and used or for the type of concretes produced. 
Furthermore, the methods vary greatly in complexity and necessary data regarding the 
material characteristics used. Some methods used the so called step by step process 
(preliminary testing on mortars and concretes) in order to obtain a concrete to meet the 
properties necessary for each individual application. Others used the limitation of 
different parameters in the mixture composition: aggregate content, water content et al. 
The following rows provide a review of 3 methods highlighted through their simplicity or 
precision for sizing concrete mixtures in order to achieve the desired properties. 
A. The general method 
Is a simple “step by step” method developed by the Japanese researchers of the 
University of Tokyo (Okamura, Ozawa, Ouchi, et al) [3]. The method was developed for 
a limited number of materials used within the research program undertaken by the 
same. The method applies to materials fitting within the following parameters: coarse 
aggregate with a size varying from 5mm to 20mm, fine aggregate (sand) with a 
maximum size of 5mm, a high cement content, self-compacting is only achieved by 
adding superplasticizer powders, no viscosity admixtures were used. More details can 
be found in Annex 1 and [3]. 
 
Self-Compactibility
High fluidity
Superplasticizers
Limitation of  coarse 
aggregate content
Segregation 
resistance
Reduced 
water/binder 
ratio
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B. The CBI method (Swedish Cement and Concrete Research Institute) 
The method was developed by Billberg and Petersson in Sweden, being a method 
which varies significantly compared to the general method due to the principle used in 
determining the aggregate content. The method considers concrete as being produced 
in a solid phase represented by the aggregate and a liquid paste phase consisting of 
powders, water and additives. The main objective of this method is to produce an 
efficient mixture in order to optimize the interaction between the two phases, providing 
advantages such as: 
• considering the grading curve of all aggregates; 
• eliminating the influence of property difference between the aggregates used, 
being applicable to any grain size for both coarse aggregates as well as for 
sand; 
• considering the placement conditions by including the ratio between the 
maximum and minimum aggregate size through which concrete must pass 
through.  
 
 The method is based on several stages for sizing the concrete mixture, initially 
observing the sizing of the aggregate content and determining the necessary paste 
volume, while the paste composition is also definitive, and finally testing and optimizing 
the concrete. More details being presented in Annex 1. 
C. The UCL method (University College London) 
 This method was developed at the research centre of the “University College 
London”. The method was generally developed for those who are rather new into the 
design of SCC but are experienced in sizing VC and have access to the minimum 
equipment necessary in a standard concrete laboratory.  
 The method is classified as step by step and is based on initially determining a 
mixture, followed by the testing and optimization thereof in a laboratory. The main 
innovation this method brings is that of mortar tests (slump and V funnel) in order to 
determine the water/powder ratio or the admixture amount. After the exact 
determination of these parameters, the next stage is the actual concrete testing. One 
may consider the method to be more economic in terms of time and materials used. 
More details are presented in Annex 1. 
 
 
The models presented above may be considered among the most frequently used 
and developed methods at a European level, which is one of the reasons for selecting 
their presentation. The second reason is that they directly affected this study by the 
application thereof for the sizing of the concrete mixtures used. Mixtures resulting from 
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the application of the general method were used in the first part of the study, the 
optimization of mixtures resulting from the experience gained and recent research 
studies conducted within the Technical University of Cluj-Napoca [52], [53] (the method 
used is shown in Annex 2). In the second part of the study the mixtures were 
determined using the same methods but considering the improvements made by the 
other methods within several research programs conducted by the Magnel Laboratory 
for Concrete Research, additional details on the same may be found in the following 
chapters. 
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2.4.2  International recommendations regarding the composition of self-
compacting concrete 
 Due to the large scale use of self-compacting concrete on a global level, but 
without suitable guidelines, important organization from Europe [1], [8], [7], Asia [10] or 
America [9] have tried during recent years to develop recommendations or guidelines 
for the production and application of self-compacting concrete. These guidelines also 
focus on aspects referring to the SCC mixture production methods, each presenting its 
own method for self-compacting concrete composition.  
 
2.4.2.1 The European Guide for self-compacting concrete [1], [8] 
 The Guidelines were developed under a European project for promoting new types 
of concrete. This project was conducted from 1998 and included representatives of 
organizations such as: BIBM – The European Precast Concrete Organization; 
CEMBUREAU – The European Cement Association; ERMCO – The European Ready-
mix Concrete Organization; EFCA – The European Federation of Concrete Admixture 
Associations and EFNARC – The European Federation of Specialist Construction 
Chemicals and Concrete Systems. 
This guide does not provide an actual sizing method for SCC mixtures rather 
presenting minimum and maximum values for the materials used (Table 2-12). 
However, the guidelines contain certain steps to be followed in order to achieve a 
quality self-compacting concrete. The values contained therein are not limitative but 
informative, with the possibility of also producing SCC mixtures by using quantities and 
percentages not falling exactly within the values provided by the guide.  
 
 
Constituent Mass 
(kg/mc) 
Volume 
(litres/m3) 
Fine part (addition) 360-600 - 
Paste content  - 300-380 
Water 150-210 150-210 
Coarse aggregate 750-1000 270-360 
Fine aggregate (sand) 
(d>0.125) 
The fine aggregate content depends on other materials, 
usually using 48-55% of the total aggregate weight 
Water/fine part ratio - 0.85-1.10 
Table 2-12 Optimum SCC quantities, see [8] 
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As a procedure to produce SCC mixtures, this guide provides the following:  
a. Selection of necessary specified performances. 
b. Selection of materials to be used in the production of concrete 
- evaluation of the water content and optimizing paste slump and stability; 
- determination of suitable aggregate and additions proportions so the 
concrete provides and adequate robustness. 
c. Mixture production 
- testing of concrete sensitivity to small variations and quantities used; 
- testing of fresh and hardened concrete properties. 
d. Verifying and adjusting performances obtained in the laboratory. 
e. Evaluation for observing beneficiary needs 
a. If such are met, only a few concrete verifications are conducted on 
site; 
b. If such are not met, a fundamental redesign of mixtures must be 
performed.  
f. Depending on the problem occurred, one of the following measures may be 
taken into consideration: 
i. Modifying the cement/powder ratio and of the water/binder 
ratio; 
ii. Changing the type of addition used; 
iii. Modifying the proportion of fine aggregated and of the 
superplasticizer dosage; 
iv. The use of a viscosity admixtures may be taken into account 
to reduce mixture sensitivity; 
v. Modifying the quality of coarse aggregate used. 
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2.4.2.2 The American Guide for Self-Compacting Concrete ACI237R -2007 [9] 
 
 This guide was developed by the ACI Committee 237–Self Consolidating Concrete 
committee. Launched in 2007, the guide provides information on SCC properties. This 
information includes a procedure for determining the optimum composition of self-
compacting concrete. The procedure is based on the achievement of successive steps 
covering aspects which refer to: the water/binder ratio or to the selection of aggregates 
so as to meet the conditions regarding pass through capacity, paste content, et al. In 
the table below are presented the steps necessary for obtaining a mixture meeting the 
conditions imposed by the particularities of each application. The red areas are 
potential problem areas and should be avoided by applying a concrete classified in a 
higher slump flow class (the green zones). 
a. Determination of requirements to be met in terms of slump flow: 
Concrete element 
characteristics 
Level 
Slump flow S 
<550mm* 550 - 650mm >650mm 
Reinforcement quantity 
Low    
Medium    
High    
Difficulty level in terms of 
shape 
Low    
Medium    
High    
Element thickness 
Low    
Medium    
High    
Necessary level of surface 
finishing 
Low    
Medium    
High    
Element length 
Low    
Medium    
High    
Wall thickness 
Low    
Medium    
High    
Coarse aggregate content 
Low    
Medium    
High    
Energy necessary for 
placement 
Low    
Medium    
High    
Legend 
Not suitable to be used   
Suitable to be used   
* Note: SCC mixtures with slump flows less than 22 in. (550 mm) may require minor vibration 
Table 2-13 Determining the diameter necessary for slump, see [9] 
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b. Selection of the coarse aggregate type and the amount of aggregate used 
 
The main objective in selecting the aggregate is to select the aggregate with the 
largest diameter which provides concrete with an adequate stability, filling capacity and 
passing ability so as to be classified as a self-compacting concrete. The factors 
influencing the size and quantity of aggregate used are the spacing between the 
reinforcements and the aggregate surface texture (quarry or natural). The Guide 
classifies aggregates into two categories according to the maximum diameter: 
 
Category I – aggregate with sizes greater or equal to 12.5mm  
In order to determine the necessary aggregate in this category, the bulk density must 
initially be determined. The amount of aggregate in Category I must represent fifty 
percent of the total concrete volume [51]. If we refer to aggregate content mass in Cat.I, 
the same shall fall within 28-32% of a cubic meter of concrete.  
 
Category II – aggregates with a size not exceeding 12.5mm 
When the use of this type of aggregate is desired, is possible to start from a ratio of 
50% of Cat. I aggregate and 50% Cat.II of aggregates following the modification of the 
quantities during the tests.  
c. Estimation of the powder content and water/binder ratio 
 
The amount of powder exiting in a cubic meter of self-compacting concrete may 
vary between 380-480 kg. This guide initially recommends the use of a maximum 
quantity, to be optimized following the tests in order to improve economic 
performances. Generally, if a greater filling capacity is required, the powder content in 
the concrete must be increased, as can be seen in Table 2-14.  
 
  
 
Slump 
S<550mm* 
Slump 
550<S<650mm 
Slump 
S>650mm 
Powder content  355-385 358-445 458+ 
Water/binder ratio  0.32-0.45 
* Note: SCC mixtures with slump flows less than 22 in. (550 mm) may require minor vibration 
Table 2-14 Paste composition, see [9] 
d. Determination of the paste and mortar volume 
 
 The paste volume may be defined as the volume of powders, water, chemical 
admixtures, and air. The mortar volume is the paste volume plus the fine aggregate 
volume. Both are expressed as a percentage of the total volume of the concrete 
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mixture. The use of a 34-40% percentage is recommended for the paste volume and 
60-79% for the mortar volume.  
e. Selecting the type of superplasticizer 
 
f. Performance of tests for fresh concrete. The properties of newly obtained 
concrete are verified by testing the filling capacity, pass through and stability (see 
Ch.1.3.3.)  
 
g. Modification of admixture content – If the necessary conditions are not met, the 
admixture content is modified according to the test results. 
 
h. The tests are resumed in order to determine the fresh properties.  
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2.4.2.3 JSCE Recommendation (2005) for self-compacting concrete [10] 
 
The Japanese Society for Civil Engineers proposed a method for sizing concrete 
which also considers the use of a viscosity admixture. This method is based on 
reference papers in the field of self-compacting concrete such as Okamura and Ouchi 
1999 [51], Ouchi, Ozawa and Okamura 1998 [54], Okamura and Ozawa 1995 [55] or 
Nawa T. at al 1998 [56] some of them representing too the basis of the general method 
for sizing self-compacting concrete presented herein. 
The method presented in the recommendations is more complete than those 
shown in the previous guide. The sizing methodology not only takes into account the 
use of a viscosity admixture but also its type, being the only method to make this 
distinction. The table blow illustrates this method by stating that it may only be applied 
to self-compacting concretes comprising of a coarse aggregate with a maximum size of 
20 or 25mm. 
 
Factor 
Without 
viscosity 
admixture 
Type of viscosity admixture 
cellulose acrylic  glycol polysaccharide 
Coarse aggregate 
0.28-0.35 m3/m3  
[*1] 
Water 
 [*2] 
155-175 kg/m3 170-180kg/m3 155-170 kg/m3 
Water/powder 
ratio [*3] 
0.28-0.37 Depends on the hardened properties desired 
Powders 
[*4] 
0.16-0.19 
m3/m3 
300-450 
kg/m3 
400-450 
kg/m3 
400-480 
kg/m3 
>0.13 m3/m3 
Air Normally, approximately 4.5%  [*5] 
Fine aggregate Is determined according to the coarse aggregate, water, powder and air content 
Superplasticizer According to manufacturer specifications 
Viscosity 
admixture 
 0.15-0.3% 3-5% 2-3% 0.05% 
Table 2-15 The JSCE method for sizing SCC 
Note: 
1. may be greater if a lower self-compatibility is required 
2. if there are no durability issues, it may be increased to 190kg/m3 
3. if the requirements for self-compaction are not met, this ratio must be increased 
4. is calculated based on the water content and the water/powder content   
5. depends on the maximum size of the aggregate 
 
 This is the only method for obtaining self-compacting concrete mixtures which 
takes into account the viscosity admixture type. This fact is extremely important as the 
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viscosity admixture leads to a higher content of water and a lower content of admixture. 
However, note that it also raises the costs of concrete, being on the reasons why this 
type of concrete is not widespread in the construction industry 
2.4.3 Conclusions 
As can be seen, there is no sure, well defined method for sizing self-compacting 
concrete, sometimes the difference between the methods illustrated in the literature 
being quite big. However, as may be observed from the aforementioned lines, all 
methods led to concrete mixtures which were used successfully and generated good 
results. This fact again underlines the multitude of factors underlying the sizing of a 
self-compacting concrete capable of meeting the requirements specified, and moreover 
underlines the fact that there are several means to obtain satisfactory self-compaction 
by varying admixtures, superplasticizers or aggregates. Above all, however, in terms of 
self-compacting concrete components, certain conclusions may be drawn regarding the 
procedures and materials used for SCC compared to conventional vibrated concrete. 
The biggest differences occur in the reduced coarse aggregate content and its 
consequence is the use of a higher sand content. Using larger quantities of powders as 
an admixture implies that the water/powder ratio is used as a main characteristic (this is 
significantly reduced due to the use of a substantial amount of superplasticizer). Yet, all 
such differences have become increasingly better known from both an advantage and a 
disadvantage perspective so that we can say that there is quite enough confidence to 
achieve a sizing process without facing too many issues. 
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2.5 Hardened properties of self-compacting concrete 
 
As shown in the previous chapter, it may be stated that the fresh properties of self-
compacting concrete may differ significantly from those of vibrated concrete, yet if we 
refer to the hardened properties, self-compacting concrete may show the same 
behaviour as conventional concrete or even slightly better.  
Self-compacting concrete is usually produced by using a larger quantity of powder 
which may lead to a decreased in the water/powder ratio, thus a difference may occur 
upon concrete hardening. This variation can positively or negatively influence the 
mechanical properties of hardened concrete. The following lines present a few aspects 
regarding the main physical and mechanical properties of self-compacting concrete: 
compressive strength, tensile strength, elasticity modulus, shrinkage, creep as well as 
the bond between concrete and reinforcement.  
2.5.1 Compressive strength 
Concrete compressive strength is expressed by the characteristic resistance 
classes (fck) determined (with a 5% risk) on a cube or cylinder according to EN12390 
[57]. The mean compressive strengths determined on cylinders are used to determine 
the compressive strengths featured. The 2.11 illustrates the relations between medium 
resistances and characteristic resistances found in EC2 [58] : 
. 
 fff ckcm ∆+=   2.11 
∆f =8 MPa 
 
 The difference in self-compacting composition can influence its compressive 
strength. Usually SCC requires a higher fluidity but also a sufficient cohesion between 
materials in order to avoid segregation. In most cases this translates into the use of a 
lower water/binder ratio than the one normally used for vibrated concretes. A direct 
comparison between the two concretes is difficult to achieve for the simple reason that 
by using a similar composition, the two concretes could not be defined as such (we 
cannot obtain SCC with the same W/C ratio and the same paste volume as for VC). 
Oftentimes, the specialized literature states that compressive strengths are similar or 
very close for both concretes, greater differences of approximately 10% are only 
observed when using fillers [2]. C. Parra 2007 [59] presented a study in which 8 SCC 
and VC mixtures were tested. The mixtures were produced so as to maintain the same 
water/cement ratio and the same type of cement. Figure 2-9 illustrates that the 
differences between the two types of concrete are minor.  
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Figure 2-9 Compressive strength of SCC and VC, see [59] 
 
In 2007 P.L. Domone [60] presented a paper containing the centralization of over 70 
studies regarding the type of aggregate or the W/C ratio over the compressive strength 
of self-compacting concrete. In order to summarize the data of different tests, Domone 
introduce a “k” factor transforming the addition amount (silica powder, slag, filler, etc.) 
into an equivalent amount of cement, thus resulting an equivalent water/cement ratio 
Figure 2-10 illustrates the variation of compressive strength (cube and cylinder) 
depending on the W/C equivalent and the type of aggregate used. Crushed aggregates 
show a better resistance with the cube, behaviour similar to normal concrete. The 
differences are coming from the difference magnitude which in case of self-compacting 
concrete was reduced by approximately 50% compared to VC. In the case of cylinder 
resistance, the behaviour seems to be reversed, i.e. the natural aggregates show a 
better behaviour but cannot be observed a difference between SCC and VC.  
 
(a) Cube resistance                                  
 
 (b) Cylinder resistance 
Figure 2-10 Influence of the aggregate used, see [60]  
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 A significant difference is also observed for the ratio between the cylinder 
resistance and the cube resistance for high strength concretes. Thus, if the strength 
ratio for the standard classes is approximately 0.8 (similar to VC), the value for self-
compacting concrete tends to reach 1 (cylinder resistance equals cube resistance) for 
strengths around 100MPa, which is different from conventional vibrated concrete where 
a 100MPa resistance generates a report value of 0.85 [60]. Figure 2-11a illustrates this 
comparison made by Domone by observing the differences between the two types of 
concrete. Going further, in the Figure 2-11b the same behaviour has been presented in 
the RILEM technical report STAR-228MPS [11] which comprised an even bigger 
database on self-compacting concrete compressive strength.  
 
(a) 
 
(b) 
Figure 2-11 Value of the strength ratio, see [60], [11] 
 
 In addition to these observations, concrete incorporates other parameters which 
can influence its compressive strength: total sand/aggregate ratio, addition material 
type and quantity (mineral or chemical). For example, a self-compacting concrete made 
with a high water reducing mixture may present a greater resistance to early ages but 
may then reach the same resistance as the concretes produced without it. The 
reduction of the bleeding and segregation risk and the lack of mechanical vibration may 
lead to a concrete with a smoother microstructure and with less pores at the interface 
between paste and aggregate, thus resulting a concrete with a higher compressive 
strength [61].  
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2.5.2 Tensile strength 
Compressive strength is related to the maximum stress attained under load by the 
centric uniaxial extension. Mean axial tensile strengths may be determined indirectly by 
referencing to the compressive strength determined (ec. 2.12-2.13) while the 
characteristic axial tensile strengths shall be determined – with the 5% fractal (fctk,0,5) 
respectively the 95% fractal (fctk,0,95) (ec.2.14 -2.15) 
 
 
 3/230.0 ckctm ff ⋅=  for ≤C50/60  2.12 
   
    
 
)1.01ln(12.2 cmctm ff +⋅=   for >C50/60  2.13 
 ctmctk ff ⋅= 7.005.0,   2.14 
 ctmctk ff ⋅= 3.195.0,   2.15 
 spctct ff .9.0 ⋅=   2.16 
 
Self-compacting concrete may be designed to reach any class in terms of 
compressive strength. For a given resistance class and age, the tensile strength of self-
compacting concrete may be considered as the same as for conventional vibrated 
concrete because the paste volume (cement + addition) has no significant effect over 
the tensile strength [8]. Depending on the research program, the literature provides 
studies which don’t always agree on the tensile strength of SCC. Most articles 
published in journals show that for a certain compressive strength, self-compacting 
concrete tends to reach a slightly higher tensile strength than VC [61], [15], [62]. Note 
the fact that most researchers used additions to obtain the fresh properties of SCC, 
thus also improving the mechanical properties compared to VC which does not 
comprise of such addition. For example Koning et al 2001 [61] and Hauke 2001 [15] 
recorded a tensile strength increase of 13.5%, respectively 9.1% for concretes made 
with fly ash as addition. In the tests conducted by Fava in 2003 [62] they obtained an 
increase of 10.5% in tensile strength, the mixtures being composed of blast furnace 
slag. On the other hand, when using limestone filler Fava [62] obtained tensile strength 
lower by 11.15% compared to that of normal vibrated concrete. This observation comes 
into contras with the compressive strength where the use of limestone filler in most 
studies being deemed to provide a compressive strength increase. Other authors such 
as Bolsjkov VB 2003 [63] consider the behaviour of the two concretes similar in terms 
of tensile strength.  
The axial tensile strength fct may be determined according to split-off strength fct,sp 
by using equation 2.16. In his paper, Domone [60] provided a comparison between 
compressive strength and tensile strength for self-compacting concrete and vibrated 
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concrete. In Figure 2-12a can be observed the fact that there are no major differences 
in SCC behaviour, the variation of values being approximately the same as for 
conventional concrete as most studies fall within the aforementioned guideline EC2 
[58].  
The same conclusion, that no significant differences between SCC and VC can be 
found, was drawn by the TC-228MPS [11] too. The database analysis was done on 608 
data results originating from 60 studies, analysis presented in Figure 2-12b. 
 
(a) 
 
(b) 
Figure 2-12 SCC tensile strength, see [60], [11] 
2.5.3 Elasticity modulus 
The elasticity modulus, defined as the ratio between stress and deformation, is 
used for the elasticity calculation of beam deformations, loss of pre-stress tension, 
control parameter in designing the slabs, etc. This can be determined as a function of 
the concrete compressive strength. Equation 2.17 illustrates the calculation mode 
present into Model Code 2010 [18] : 
 
 
3/1
0 10





 ∆+
⋅⋅=
ff
EE ckEcci α   2.17 
Where:  
Eci – elasticity modulus at 28 days (MPa) 
fck – concrete compressive strength  
∆f =8MPa 
Ec0 – 21.5 * 103 MPa  
αE – is 1.00 for quartz aggregates. For other types of aggregates, values are shown in Table 2-16.  
 
Aggregate type αE Ec0* αE 
Basalt, dense limestone aggregates 1.2 25800 
Quartz aggregates 1.0 21500 
Limestone aggregates 0.9 19400 
Sandstones 0.7 15100 
Table 2-16 Influence of the aggregate type over the elasticity modulus, see [18]  
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 The elasticity modulus is influenced by parameters such as compressive strength 
or aggregate type. Considering that self-compacting concrete differs from conventional 
concrete in terms of composition, mixture modifications may lead to the modification of 
the elasticity modulus thereof. In 2002, Bennek [64] demonstrated in his paper that for 
two concretes (SCC and VC) with the same compressive strength, the elasticity 
modulus is lower by up to 10-15% for self-compacting concrete. In a different study 
conducted by Persson [65], the latter stated that the SCC elasticity modulus is very 
close to that of VC and can be considered equal. However, the Domone’s review [60] 
(Figure 2-13a) and the TC-228MPS [11] analysis (Figure 2-13b) illustrate that the 
elasticity modulus for self-compacting concrete was reduced in comparison to normal 
vibrated concrete for most studies, a lot of them showing a smaller module than in the 
code specifications [18], [66]. 
 
 
(a) 
 
Figure 2-13 SCC elasticity modulus, see [60], [11] 
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2.5.4 Creep 
Creep can be defined as the deformation occurred in time under constant load. 
According to EC2 [58] it is calculated by using the 2.18 equation and depends on the 
elasticity modulus, concrete age, cement type.  
 
 )/)(,(),( 000 cccc Ett σϕε ∞=∞   2.18 
Where:  
),( 0t∞ϕ
  
- final coefficient for shrinkage, determined according to the procedure in EC2.  
Ec0 – elasticity modulus at time 0  
 
Similar to other properties, the literature information concerning the creep of self-
compacting concrete does not present the same behaviour, so cannot be affirmed that 
self-compacting concrete feature a greater or lesser creep than vibrated concrete. This 
fact is due to the variety of materials used. We can state, however, that creep is 
diminished along with a decrease in the water/cement ratio and an increase of the 
cement/powder ratio, while for a constant water quantity, the addition finesse used 
does not influence creep, while cement does exercise an influence [2], [65], [67]. 
In 2005 Anne-Mieke Poppe [68] carried out a test to observe which of the most 
popular guidelines (ACI, MC90, et al) best formulate and follow the behaviour of self-
compacting concrete. Tests were carried out on elements with dimensions of 
150x150x500mm loaded to 1/3 of their strength at 28 days. The test showed that the 
ACI guidelines are the closest to the real behaviour of SCC [29] and are thought to 
predict total creep within normal limits. The ModelCode90 [66] tends to underestimated 
creep deformability (Figure 2-14).  
Galit [69] made the same comparison by compiling a database which includes 
information from 11 studies regarding the creep of self-compacting concrete, and 
reaching the same conclusion that the American guidelines may be deemed as best 
suited to determine self-compacting concrete creep.  
 
 
 
Figure 2-14 Self-compacting concrete shrinkage, see [68] 
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2.5.5 Self-compacting concrete shrinkage 
Concrete shrinkage may be defined as the deformation suffered by concrete from 
the time of production and until complete hardening, due to the variation of water 
content from cement stone. Concrete shrinkage can occur in several forms:  
- endogenous – occurs due to the hydration reactions of concrete;  
- plastic – occurs during the first hours after concrete casting when a part of 
the water used with the mixture tends to rise to the surface; 
- curing – from the surface due to water evaporation;  
 
 
 According to EC2 [58], total concrete shrinkage strain is determined using the 
equation 2.19. 
 cacdcs εεε ⋅⋅=   2.19 
Where: 
csε - is the total shrinkage strain 
csε - is the drying shrinkage strain 
csε - is the autogenous shrinkage strain 
 A detailed calculation method for can be found in the standard EC2 chapter 3.1.4 
[58]. 
 
 According to the EFNARC [8] Guide the values formulated in Eurocode2 [58] may 
also be applied to self-compacting concrete, but the later may only have certain 
behaviour variations, particular for each individual shrinkage.   
 The guide presented by the 237 ACI [9] committee may illustrate the following 
behaviour depending on SCCs shrinkage:  
 
Autogenous shrinkage – may be higher for self-compacting concrete due to the 
high water/cement ratios and the high quantities of mineral additions used, especially is 
pozzolanic mixtures with a higher reactivity to early age were used.  
Curing shrinkage – the high paste volume and reduced aggregate content may 
lead to a higher risk for this type of shrinkage occurrence 
Plastic shrinkage – self-compacting concrete may be prone to the occurrence of 
this event due its low level or the absence of the bleed phenomenon. Thus, it is 
advisable to protect SCC from a fast curing within the first 24 hours from casting.  
 
 In the same previously mentioned paper Anne-Mieke Poppe [68] conducted a 
comparison to observe the most suitable guideline for determining the shrinkage of self-
compacting concrete. Figure 2-15 illustrates that, similarly to shrinkage, the American 
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standard [29] tends to be the closest to real behaviour, but after approximately 50 days 
it tends to overestimate total shrinkage.  
 
 
Figure 2-15 Self-compacting concrete shrinkage, see [68] 
2.5.6 Bond between SCC and reinforcement 
The bond is of extreme importance in the design of self-compacting and pre-
stressed structures. The bond mechanism significantly influences the anchorage 
length, in this case, the self-supporting capacity of structural elements, crack width as 
well as crack spacing. The concrete-reinforcement bond is quantified by a relation 
defining the bond strength. This parameter depends on the behaviour particulars of the 
bond interface between the two component materials, concrete-concrete friction, creep 
and shrinkage. Broadly, the concrete-reinforcement bond seems a simple concept 
presented as the transfer of tangential stress from the surface of a bar. The concept 
may be defined as a change in force occurring along the bar, relative to the nominal 
area of the bar on the zone where no characteristic variation occurs.  
According to the ACI237 [9] guide, in terms of bond, self-compacting concrete 
behaves similarly to vibrated concrete or even better. This may be explained based on 
SCC composition and on its fresh properties. Thus, SCC provides a better bond due to 
an increased compaction, a lower settlement risk or to the fine parts in its components. 
Sonebi and Bartos 1999 [70] reported the bond differences between the self-
compacting concrete and vibrated concrete of up to 40%. This difference is attributed to 
the low water content and large powder volume in the concrete components, which 
reduce the “top bar” effect (water accumulation under the horizontal reinforcement 
bars). Domone 2007 [60] included in his assessment a large number of tests carried 
out in order to determine the self-compacting concrete bond, concluding that SCC bond 
may vary significantly depending on the experimental program, sometimes greater or 
equal to but never less than VC. According to the European Guide EFNARC [8] for 
determining the anchorage lengths or the transfer strengths for pre-tensioned elements, 
the relations shown in EN1992-1 [58] and EN206-1 [24] may be used, even if the self-
compacting concrete provides a better behaviour than normal vibrated concrete.   
One may state that there is still a difference of opinion about the bond between 
self-compacting concrete and the reinforcement, a much broader overview of these 
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studies and opinions is provided in the following chapters. These chapters present both 
a detailed review of the self-compacting concrete bond and two experimental programs 
with the main goal to closely study and assess the bond between this special type of 
concrete and the reinforcement.  
Chapter 3 : Bond in VC and SCC 
55 
 
 
3. Bond between concrete and reinforcement 
in VC and SCC 
3.1 Introduction 
The bond between concrete and reinforcement may be defined as the 
phenomenon allowing concrete forces to be transferred to longitudinal and transversal 
reinforcements embedded therein. Due to this transfer force, the stress along the bar of 
a reinforced concrete element is altered along with the change in the state of concrete 
stress, aiming at a better bond for the two materials.  
The issue posed by studying the bond phenomenon may be said to have occurred 
along with the development of the first reinforced concrete elements, or rather along 
with the introduction of reinforcement in concrete. The first trials for producing such 
elements were shown by Lambot (fibrocement boat) in 1848, followed by Monier in 
1849 (flower pots, liquid containers, plates, arches, etc. Both of them are deemed to be 
the pioneers of reinforced concrete development. The first calculation guidelines for 
reinforced concrete date back to the end of the 19th century and the beginning of the 
20th century, and they included guidelines for using plain bars in reinforced concrete 
elements. Due to low bond of plain bars, the need to anchor such with various 
anchorage systems or to use ribbed bars arose. The later ones know a much higher 
development. Along with the apparition of both types of bars, the development of their 
anchorage possibility is said to have gone in parallel, and to this day plain bars are not 
completely replaced by ribbed bars [19]. However in time, smooth bars began to be 
used only as technological bars or for elements where the bond with concrete is less 
important. 
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Figure 3-1 Bond-slip relationship 
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In time there have been carried a multitude of studies primarily focusing on bond 
phenomenon and the parameters influencing it. Nowadays, we have a much better 
understanding of it compared to the theories of pioneers such as Abrams 1913 [71], the 
results of whom were considered as a reference level for nearly two decades. 
Furthermore Clark 1946 [72] tested different bar geometries, Goto 1970 [73] presented 
some of the most complete studies concerning the bond phenomenon, referring to 
cracks and their distribution around the reinforcement bar. They were followed by 
Tepfer [74] who analytically described this phenomenon through non-linear analysis in 
1973 (Figure 3-1), or Lutz [75] who described the bond as comprising of three 
phenomena: chemical adhesion, wedging action (enhanced by the concrete in front of 
ribs) and friction as a residual stress, these three phenomena being represented on a 
bond-slip stress curve as shown in Figure 3-1. 
 
3.2 Bond phenomenon 
The statements expressed by the aforementioned authors as well as by many 
others led to the present proper definition and understanding of the bond phenomenon 
(Figure 3-2). Each of these stages is characterized by a certain stress condition for the 
interface between the reinforcement bar and concrete. This condition may vary 
depending on the type of bars or confinement level in section. The figure below 
illustrates a graphic centralization of these behaviour stages, centralization considered 
as the current level of knowledge for the bond phenomenon [19]. 
 
 
Figure 3-2 Bond stress-slip law, see Fib 10 [19] 
 
  
Τ1 
Chapter 3 : Bond in VC and SCC 
57 
 
Stage I – Uncracked concrete (elastic stage) 
This stage is characterized by the bond of cement paste to the reinforcement 
surface (chemical adhesion), which after hardening ensures the bond between the two 
materials. It is characteristic for load levels ranging from 0.2 to 0.8 of the concrete 
tensile strength (fct). The bond is ensured by a chemical interaction between concrete 
and reinforcement. The bar slips into the concrete but only a few micrometres, while the 
upper side of the ribs features heavy concentrations of tensile and compressive 
stresses (Figure 3-3a). Chemical adhesion is also accompanied by an interaction on 
the surface between the concrete and the entire reinforcement surface due to the 
microscopic roughness of the bar. According to CEB FIP131 [76] this interaction 
manifests itself by two stress conditions, a tensile one along the bar and a smaller 
compression one perpendicular to the reinforcement bar (Figure 3-3a,b). This 
component represents a small part (approximately 10%) of the total bond strength. 
     
a) Gambarova [77]      b) CEB FIP 131 [76] 
Figure 3-3 Stage I stress  
 
Stage II – occurrence of the first crack 
In case of efforts greater than τ1 the mechanical bond between the cement paste 
and the irregularities on the surface of the bar is mobilized. The chemical adhesion of 
the concrete and the reinforcement is lost due to the high stresses transmitted by the 
bar ribs. At the end of the bar ribs, high pressures are exercised on the concrete 
(Figure 3-4 p*) thus occurs the first transversal crack, experimentally presented by 
Gambarova [77]. Along with the cracks, the tendency of reinforcement slip occurs, but it 
is limited by the blocking ability of the concrete not cracked between the ribs. 
              
a) Gambarova [77]      b) CEB FIP 131 [76] 
Figure 3-4 Stage II of bond behaviour, [77], [76] 
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Stage III – crack propagation 
The cracks emerging during the previous stage start to propagate into the concrete 
until the bond strength reaches a value of 1-3 times greater than the concrete tensile 
strength. This stage is characterized by the occurrence of cracks along the bar (Figure 
3-5), cracks witch may appear separately or along with the transversal cracks of stage 
II. Upon increasing the force, these splitting cracks are propagated both longitudinally 
as well as transversally in the concrete matrix. Initially, a potential shearing plan occurs 
for the upper level of the cross ribs and the failure along this plan is hampered by the 
grip of crushed concrete in front of the ribs. Non-cracked concrete around the bar 
provides a bar confinement, taking over part of the pressure from the formed concrete 
teeth. In addition, the concrete structure parts at the contact surface with the 
reinforcement produce a wedging effect of the reinforcement into the concrete, and, as 
a consequence, an increase of pressures exercised on the bar. The upper limit of this 
stage is represented by the splitting of the concrete cover layer, followed by a more or 
less sudden failure, depending on the transversal confinement level of the element. 
 
 
         Figure 3-5  Stage III, see [19] 
 
Stage IV  
 
 This stage is different for each individual type of reinforcement, being conditioned 
by the existence of confined reinforcement in the concrete element. 
 Stage IVa – refers to the behaviour of smooth reinforcements. This stage occurs 
when the chemical adhesion between the concrete and reinforcement has disappeared 
(stage I). Along with its disappearance, the transfer of stress only occurs through 
friction, which is highly influenced by the existence of a cross sectional pressure, 
concrete shrinkage and bar roughness. This behaviour stage is characteristic for 
smooth bars where the stress of chemical adhesion and friction is predominant. 
 
 Stage IVb – is specific for ribbed bars embedded in elements with a low or 
medium level of transversal confinement, longitudinal splitting cracks cross the entire 
concrete cover layer, as well as the spacing between reinforcement, with the possibility 
of bond loss. According to Fib 10 [19] this stage may feature bond strength of up to 30-
50% of the compressive strength. Once the maximum bond strength (bond strength 
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corresponding to maximum force) is reached, the bond between concrete and 
reinforcement tends to only occur through friction, this phenomenon is due to the 
crushing or shearing of concrete teeth, also du e to aggregate interlock. 
 
 Stage IVc – is specific to all elements with high percentages of transversal 
reinforcement, due to a strong confinement, the occurrence of splitting cracks is 
prevented and failure occurs by pulling out the bar. Stress transfer mechanism is done 
by concrete-concrete friction, and bond strength is generated by this frictional force and 
the shear strength of the concrete teeth between the ribs.  
 After reaching these stages, the mechanism transferring the force is friction, thus 
the residual strength is strictly dependent on the element level of confinement and 
concrete properties. The non-confinement elements feature a much more fragile 
breaking upon reaching the maximum bond strength, recording a quick loss of bond 
strength, while confined elements are much more ductile, with a gradually decreasing 
residual bond [19]. 
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3.3 Factors influencing the bond between concrete and reinforcement 
3.3.1 Concrete cover and spacing between bars 
Concrete cover plays an important role for reinforced concrete elements. Upon 
selecting the concrete cover, two important aspects must be taken into account. One is 
the reinforcement protection against corrosive agents. The second aspect is structural, 
namely the selection of a minimum concrete cover so that the transfer of forces from 
concrete to reinforcement may be done safely, without the risk of an unexpected and 
uncontrolled failure. Around reinforcement bars subjected to such stresses there is an 
area through which the bond strengths are transmitted. If a minimum safe area is not 
ensured by the concrete cover of reinforcements (Figure 3-6) the element might fail by 
concrete splitting. This failure leads to a lower bond force compared to the pull-out 
failure, a case occurred only by ensuring a large value of concrete cover or by confining 
such area with transversal reinforcements. We may thus affirm that the manner of 
element failure depends proportionally on the concrete cover and spacing between the 
bars. 
 
Figure 3-6 Stress condition around the reinforcement bar, see [74], [73] 
 
In case of failure by concrete splitting for the bars not confined with transversal 
reinforcements ACI 408 [78] states that the maximum bond force is governed by the 
ability of concrete to take over the tensile stress. This ability depends on the tensile 
strength, energy dissipation capacity (described as the fracture energy Gf) and even by 
the external confinement present in section (other than the one coming from the 
transversal bars). 
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As a result of Tepfer’s study from 1973 [74] the author concluded that the bond of 
bars on the lower side of beams is directly influenced by concrete cover. Upon the 
increase of concrete cover, the transfer capacity of section reinforcements is also 
increased. Tepfer stated that without a doubt, the manner of failure and the ultimate 
transfer capacity is influenced by the reinforcement concrete cover, being influenced by 
both the value of ultimate strength and by the manner of element failure. 
As a continuation of Tepfer’s studies, in 1977 Orangun [79] provided a detailed 
study regarding the concrete cover and of the spacing between reinforcement bars, for 
both single and overlapped bars. The author stated that the radial effort transmitted by 
the reinforcement may be considered as an uniform pressure acting on a cylinder with 
an interior diameter equal to the bar diameter and an exterior diameter equal to 
minimum one half of the distance between the section bars and the concrete cover on 
the lower side. The cylinder bearing capacity depends on concrete strength. As may be 
observed from Figure 3-7, the manner of failure is directly influenced by these 
distances, thus: if the concrete cover exceeds half the distance between the bars, 
failure shall occur through the horizontal splitting of concrete between the bars and if 
the concrete cover is smaller, the splitting shall be vertical on the concrete cover layer. 
Figure 3-7 illustrates a type of failure presented by Orangun, namely the “V” shaped 
one, which occurs if the distance between the bars exceeds the concrete cover. The 
cracks fail to join the two bars and fall below a certain angle through the concrete.  
 
 
Figure 3-7 Failure modes, Orangun 1977 [10] 
 
The ACI 408 [78] recommends in addition to the individual effect of these 
components (cover of the lower, lateral side or the spacing between the bars), the 
Chapter 3 : Bond in VC and SCC 
62 
 
relative value of their ratio is also important. Thus one must take into account that 
compared to the cases where lateral cover (cso) or half of the bar distance (csi) equals 
the lower side cover (cb0), the bar bond strength rate for which the cso or csi values are 
not equal to cso , increases according to ratio value 
 
 25.1)9.01.0(
min
max ≤+⋅
c
c  3.1 
 
Where:  
Cmax =max(cb;cs) ; Cmin =min(cb;cs) ; cb – coating on the lower side ; cs =min(cs0,csi+6,4mm); cs0 
– lateral coating; csi = ½ of the distance between the bars 
The European standards [80], [25] state a single minimum value for concrete 
cover, defined as the diameter of the embedded bar. The value is based on the 
reasoning mentioned above, by assuming that the external diameter of the cylinder 
formed is twice the reinforcement bar diameter. The equations used by these standards 
consider the observations regarding the manner of failure and the minimum cover 
mentioned above, so the equations used to determine the maximum bond stresses use 
the concrete cover determined as the minimum value between the vertical, horizontal 
cover and half the distance between the bars. 
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3.3.2 Anchorage length for the reinforcement bars 
With the emergence of reinforced concrete, questions relating to the optimum 
anchorage length of concrete reinforcement were raised. We know that once the 
anchorage or overlapping length of the reinforcement bars is increased, the load 
capacity to which it can be subjected is also increased. In fact, the stress take-over and 
distribution capacity is increased due to the increased length of distribution, thus 
resulting in a diminishing stress between the bar and concrete. Note that this increase 
is not directly proportional to the anchorage length increase, which is understandable 
due to the variation of stresses along the bars. The stresses tend to be negligible after 
a certain length due to the maximum stress attained in the concrete matrix. 
If we use a larger anchorage length and a smaller concrete cover, the risk of failure 
by concrete splitting is very high. Orangun [79] presented a study regarding this 
phenomenon, and in addition, he stated that concrete splitting may also occur after the 
yielding of the reinforcement appears. This phenomenon is strictly dependent on bar 
deformability relative to concrete deformability [79]. Moreover, we have to keep in mind 
that the bond depends only on a certain measure for reinforcement anchorage length, 
being described as also dependent on the bar geometry, the diameter and the concrete 
properties. The ACI 408R [78] report states that relationship between bond strength 
and the anchorage length is linear but not proportional (Figure 3-8).  
 
Figure 3-8 Anchorage length influence, see [78] 
 
Most codes present equations for determining a minimum anchorage length 
necessary to achieve the most efficient stress transfer. A more ample discussion in this 
regard is presented in Chapter 5.  
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3.3.3 Transversal confinement 
When speaking about the effect of lateral pressure on the bond of concrete 
elements, it must be taken into account that this pressure may be generated by two 
different sources: from the external loads and from the transversal reinforcement along 
with the surrounding concrete. A clear distinction must be done between them as each 
one influences the bond and the element reinforcement behaviour differently. 
Confinement provided by the transversal reinforcement and concrete is only passive 
due to its generation by the phenomenon of concrete gripping around the bar and to the 
transversal reinforcement in the section. It is only activated when a certain sliding of the 
bar occurs. In contrast to this type of confinement, the active one generated by the 
exterior forces influences the reinforcement bar upon occurrence of the external 
structural loading.  
In a reinforced concrete element, the influence of confinement over the 
reinforcement bars may influence the manner of their failure. In case of failure by 
splitting, a bond increase is directly proportional to the confinement stress produced by 
a transversal reinforcement in the section, even achieving a change of the splitting 
failure type into a reinforcement pull-out type. In anchorage areas which are usually 
subjected stress concentrations, splitting cracks appear due to the action of ribs, 
spread on the surrounding concrete and are propagated along the bar [73]. After the 
occurrence of such cracks, bar confinement is partially produced by the transversal 
reinforcement [74], [81] and by the tensile strength of the non-cracked concrete [74].  
The transversal reinforcement (or concrete cover) produces the bar confinement 
effect by limiting the progress of splitting cracks, and thus increasing the ultimate force 
which generates the failure [78]. Moreover, an increase in the transversal reinforcement 
or concrete cover leads to a bond increase eventually changing the manner of failure. 
Besides these, we have to keep in mind the fact that an increase in the amount of 
reinforcement or concrete cover above the minimum necessary for the transition from 
one to another becomes inefficient, as it does not increase the ultimate bond strength 
[79].  
Most design standards take into consideration the aforementioned phenomena. 
MC90 [80] applies these considerations by defining a function which affects the 
relations determining the maximum bond strength as well as the stress-slip diagrams. 
Two bond types may be distinguished: non-confined concrete bond and confined 
concrete bond. Each provides its own restrictions and manners of failure. Furthermore, 
ACI408 [78] presents a total bond force as comprising of two components, Tc –concrete 
contribution and Ts steel contribution. Tc represents the bond force to be developed by 
the concrete in absence of the transversal reinforcement and Ts is the transversal 
reinforcement contribution. The concrete effect, i.e. the size of component Tc, is smaller 
but measurable, while Ts, is a function of: - the reinforcement area crosses the potential 
cracking plan, - concrete strength, - bar size and deformation effect. 
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Figure 3-9 Confinement influence on the bond, see [18] 
 
MC2010 [18] takes these effects into consideration by presenting a coefficient 
which modifies the tangential stress-slip diagram. This coefficient takes into account the 
effect of section confinement through the compressive strength. Figure 3-9 displays the 
diagram featured in MC2010, a diagram in which the influence of transversal pressure 
over the bond strength-slip relations may be observed. 
Chapter 5 provides a more detailed presentation of the specifications in the actual 
codes referring to the confinement influence on bars bond. 
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3.3.4 Reinforcement position during casting 
The bond between the reinforcement bars and concrete is powerfully influenced by 
the reinforcement position during concrete casting. The reinforcement position during 
casting means both its position relative to concrete casting direction, in which case we 
can differentiate 2 situations: perpendicular and longitudinal from the casting direction, 
as well as the reinforcement position relative to its element of incorporation, in which 
case we may imply the “top-bar” effect or rather the concrete settlement effect under 
the reinforcement bars.  
 In the first situation, where position is relative to the casting direction, the 
reinforcement bars for which the longitudinal casting was performed shall record an 
increased bond of up to 100% compared to the ones positioned perpendicularly (Figure 
3-10). However, we are still faced with two situations for the longitudinal position of 
casting for bars depending on their testing direction, namely: in the casting direction or 
opposite to the casting direction. This phenomenon appears due to concrete settlement 
from alongside the reinforcement ribs or due to a more porous concrete accumulating 
under such ribs. Thus, the bars with the testing direction opposite to the casting 
direction shows a bond increase of approximately 10-15% compared to those in the 
direction of casting [82].  
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Figure 3-10 Casting direction influence, see [19] 
 
The reinforcement position relative to its incorporation in the concrete element 
exerts a more significant influence. The first of the studies regarding the bond between 
concrete and reinforcement showed that this factor plays an important part and 
significantly influences the bond strength [71], [72]. According to ACI 408 [78], this bond 
decrease phenomenon for the bars in the upper part of reinforcement concrete 
elements is influenced as follows: the larger the concrete height of a concrete along a 
bar is, the greater the concrete settlement and accumulation of cement paste under the 
bar. The effect of such settlement being intensified by concrete’s bleeding and by the 
concrete cover in the upper side. Figure 3-11 displays the variation of reinforcement bar 
bond on the upper side compared to the variation in the lower side of a reinforced 
concrete element. 
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In order to eliminate the effects of this phenomenon the actual standards, both the 
European and the American standard, provide the following limitations: 
- MC90 [80] specifies a 30% decrease in bond strength if the following conditions 
are not met: element reinforcement position is at least 250mm from the upper side of 
the element or shall not exceed 300mm from the lower side of the same. The same 
restriction applies for MC2010 [25]. 
- ACI 318 code [83] provides the same height limitations, but it provides a direct 
30% increase in anchorage length if the concrete height by the reinforcement exceeds 
300mm.  
0 1 2 3 4 5 6 7 8 9 10 11 12
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
Concrete cover [cm]
 10mm
 18mm
 26mm
 
 
To
p/
bo
tto
m
 
bo
n
d 
st
re
n
gt
h 
ra
tio
Bar diameter
 
Figure 3-11 Effect of concrete settlement under the reinforcement bars, see [78] 
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3.3.5 Geometrical characteristics and stress in the reinforcement bar 
The geometrical characteristics of reinforcement decisively affect the behaviour of 
reinforcing steel elements. Depending on their characteristics, it is possible to observe 
a change in the manner of failure i.e. from concrete failure around the reinforcement to 
reinforcement failure by yielding. Right from the beginning, Abrams [71] noted that 
ribbed bars show increased bond strength compared to plain bars. He also observed 
that the rib area projected to the longitudinal axis of the bar, relative to the surface of 
the bar embedded in concrete may be considered as an evaluation criterion for 
deformed bar bond. In fact, the author defined the so-called “bond index” or “relative rib 
area” proposing a 0.2 value for this index. In 1961, Rehm [84] pointed out that in order 
to achieve a proper reinforcement anchorage, the geometrical characteristics of 
reinforcements must be adequately matched with each other. Otherwise we would be 
faced with a risk of unwanted effect occurrence, such as passing from one failure 
manner to another. The same author stated that if the ratio between rib distance and its 
height is lower than 7.00 and the rib angle exceeds 30 degrees the occurring failure 
would be reinforcement pull-out. 
Over the years, it was observed that in order to obtain an adequate reinforcement 
anchorage, the relative area requires a value ranging between 0.05 and 0.1, and also a 
proper combination between the terms described in equation 3.2 and Figure 3-12. 
 
 
Figure 3-12 Bar geometrical features, see [85] 
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Where:  
AR – protection area of a single rib for the cross section of a bar 
db – bar diameter 
sR – distance between two consecutive ribs  
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Aside from the geometrical characteristics, the bond is also influenced by the 
reinforcement mechanical properties. Indeed, a bar still in its elastic condition provides 
insignificant influence on bond strengths. However, a negative effect occurs on the 
bond mechanism upon reaching the yield strength, resulting in the alteration of the 
stress-slip curve, specifically the descending one. The reinforcement yield effect is 
similar to the occurrence of splitting cracks in the concrete cover layer. Yet the 
phenomenon notably bears no exact explanation as the literature still provides 
contradictory results. FIB10 [19] specifies that the influence of reinforcement yield on 
the bond is major, being affected by the decrease in reinforcement section upon yield. 
Furthermore, this leads to a decrease in rib relative area as well as due to pressure 
decrease at the end of the ribs. On the other hand, the ACI408 [78] presents several 
recent results for which the difference was only of 2% for non-confined bars and even 
+10% for confined bars, compared to bars which have not reached the yield  stress.  
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3.3.6 Concrete mechanical properties 
The concrete surrounding the ribs being subject to a multi-axial compression, 
compressive strength and tensile strength play an important part in transmitting stress 
as well as in completing the manner of failure of the elements.  It was mentioned above 
that the stresses on the ribs are directly transmitted to the concrete around them 
(compressive strength in the concrete teeth or tensile strengths at the top of the ribs). 
As a result, concrete must show adequate properties both in terms of compressive 
strength and tensile strength. The influence of compressive strength on the bond is not 
linear. The calculation models used for determining bond strength are considering that 
along with an increase in compressive strength, the bond is influenced by fc1/2 for 
normal concretes and fc1/4 for concretes with strengths exceeding 50MPa (no or low 
confinement level and fc3/4 for confined concretes (Figure 3-13)) [78], [19]. On the other 
hand, tensile strength is influenced by concrete compressive strength, the variation 
thereof being directly proportional to fc1/2. As this variation is not linear, the tensile 
strength too can define the manner and moment of reinforcement failure.  
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Figure 3-13 Compressive strength influence, see [78] 
3.3.7 Other factors influencing bond 
Depending on the casting of reinforced concrete elements, other parameters may 
influence the bond phenomenon between concrete and reinforcement. These 
parameters may refer to concrete components such as: aggregate size, concrete 
viscosity, additions used, etc. Furthermore, certain environmental factors may also 
affect the bond, i.e. the influence of weather conditions on the reinforcement bars and 
on the concrete such as: corrosion or temperature variations. 
One of the most frequent factors affecting steel bars is rust, characterized through 
a very thin film of iron oxide which does not negatively alter the bond between the two 
materials, it may even increase it in certain cases by increasing reinforcement 
roughness (Figure 3-14a). A more significant influence is exerted by bar corrosion 
(Figure 3-14b). Depending on the building exposure class, concrete elements may be 
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penetrated by chloride ions or gases such as oxygen or carbon dioxide, this resulting in 
bar corrosion. Compared to the diagram displayed in Figure 3-14, recent studies [86] 
have shown that corrosion does not negatively influence bond, rather it enhances it, up 
to a value of approximately 2-4% from the cross section, increase attributed to the 
expansion of iron oxides. Beyond this value, corrosion affects the bond by decreasing 
the reinforcement cross section and due to corrosion products reducing the contact 
between bar and concrete. 
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Figure 3-14 Rust and bar corrosion influence, see [19] 
 
 Another factor which may affect the bond is temperature. Concrete and 
reinforcement properties are known to alter at low or very high temperatures. In fact, 
the properties of materials used to create concrete are altered. Some are less and 
some are more affected by this factor (Figure 3-15a). FIB10 [19] provides a few 
conclusions such as the fact that plain bars are more sensitive to temperature variation 
than ribbed bars. Bar diameter exerts little or no influence, and also the initial concrete 
strength does not affect the bond at high temperatures. The main factor seems to be 
the type of aggregate because the more thermally stable it is, the more strength stabile 
can be considered. A low temperature of -50°C ÷ -150°C may enhance the bond 
between concrete and reinforcement, as can be seen in Figure 3-15, although the 
manner of element failure may be changed for low temperatures. 
 
 
Figure 3-15 Temperature influence on the bond, see [19] 
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 The factors listed above are just some of the most important factors which can 
influence the bond between concrete and reinforcement. This paper is only limited to 
such factors simply because, during the following experimental program, we observed 
their direct influence, considered their influence or tried to limit them. The other factors 
influencing the bond may be found in the specialized literature [78], [19], [76].  
As a brief review of the aforementioned factors, the program observes the 
influence of the type of concrete and fresh and hardened properties thereof, the 
reinforcement geometrical characteristics (diameter, cross section type), the anchorage 
length or the reinforcement position during element casting and testing. In addition to 
these factors, factors such as concrete coverage, influence of confined concrete, 
temperature, reinforcement strengths at al. were also considered.  
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3.4  Self-compacting concrete bond with reinforcement 
 
At this moment we may state that self-compacting concrete (SCC) is already being 
used for about three decades, operated in several applications worldwide. Although it 
was used many times with success, in terms of mechanical properties, a lack of 
knowledge thereof exists. Moreover, the designers often basically accept the 
application of specifications used for vibrated concrete (VC). The lack of research 
concerning the hardened properties is due to the focus of most studies on the 
development of fresh properties, which significantly differ from those of conventional 
concrete, researchers being satisfied with the statement that self-compacting concrete 
features at least the same hardened properties as vibrated concrete.  Moreover, in 
terms of bond strength, certain codes specify also that it may be considered similar to 
vibrated concrete. In contradiction to this statement in the recent years the number of 
studies regarding the SCC bond increased, most of them presenting a higher bond 
capacity for SCC compared to VC. The figure below illustrates a centralization of 
several worldwide studies confirming this fact.  
 
Figure 3-16 Variation of the normalized bond strength ratio 
 
As can be observed, some studies have reported significant increases of self-
compacting concrete bond strength. Gibbs’s [87] study was among the first studies 
conducted in order to determine the bond strength of self-compacting concrete. The 
author provided a study which was part of a European program to determine the 
properties of self-compacting concrete. The mechanical properties of a medium class 
self-compacting concrete and a conventional vibrated concrete were tested in his 
experimental program. The tests were conducted on both laboratory samples as well as 
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on site for a number of 3 columns with a height of 3m for each type of concrete. The 
bond of each concrete was tested at 28 days through the pull-out test method on bars 
with a 12mm diameter. The tests showed an increase in the ultimate bond strength for 
self-compacting concrete compared to that of vibrated one by approximately 32% and 
for the normalized bond strength by 17%. 
The results presented by Gibbs were supported by Sonebi 1999 [88] whose paper 
studied the physical and mechanical properties of SCC, with a focus on its bond with 
the reinforcement. The study was conducted for three self-compacting concrete 
mixtures and a control mixture made from VC. The bond was determined for two 
diameters (12mm and 20mm) with a constant anchorage length of 120mm. The tests 
were carried out through the pull out method on 100x100x150 sized prisms at the ages 
of 8 and 75 days. The compressive strength was determined to be between 40 and 80 
MPa for all concretes. The tests demonstrated that self-compacting concrete can 
withstand maximum bond strength of up to 40% greater than normal concrete, with a 
result variation coefficient between 2 and 14%.  
Another paper [89] presented the same SCC tendency, namely to provide an 
increased maximum bond strength than that of vibrated concrete. This study used a 
single mix of self-compacting concrete with a compressive strength on 55 MPa cubes 
and a tensile strength reaching 3.7 MPa. The tests were performed on cylinders with a 
100mm diameter and 300mm height. The bar diameter was 10mm and a 5 diameter 
anchorage length. The tests were performed at the ages of 1, 3, 7 and 28 days, adding 
a total of 12 pull-out tests. Following the tests, the authors concluded that the tested 
self-compacting concrete showed a better behaviour than normal vibrated concrete.  
In 2008, in his paper, Foroughi [90] presented pull-out type tests on 100 and 
150mm sized cubes using two anchorage lengths, of 50 and 100mm. Five self-
compacting concretes and five vibrated conventional concretes tested at the ages of 3, 
7, 28 and 56 days were tested during his experimental program. The compressive 
strengths ranged between 40MPa and 60MPa for both SCC and VC. Following the test, 
the author reported also a better SCC behaviour as well as an increased stress 
takeover capacity compared to vibrated concrete. The normalized bond strength was in 
all cases higher for SCC, with increment values ranging from 3% to 12%.  
Another author to conduct a series of tests in order to determine the bond strength 
of self-compacting concrete was Valcuende [91] who tested 4 self-compacting concrete 
mixtures and 4 vibrated concrete mixtures with varied main parameters for compressive 
strength and water/cement ratio. The tests were pull-out type on 200mm side cubes 
and 1.5m height columns. In assessing such data, the author illustrated a comparison 
for both medium bond strengths as well as for the ultimate bond strengths, concluding 
that in case of lower classes, self-compacting concrete tends to provide an improved 
behaviour of up to 30%. Though along with the increase in compressive strength 
(>50MPa) this difference was reduced to a value close to zero. Another important 
aspect presented by the author is that for moderate load levels, bars in SCC present a 
lower slip than the bars incorporated in VC, by an average of 62%, sometimes reaching 
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135%. In terms of failure, the author reported no differences between the two 
concretes, both showing a tendency of passing from the pull-out type failure to the 
splitting type along with the increase in compressive strength. This being explained by 
considering the tensile strength, which is an important factor and its increase is not 
proportional to the increase in the compressive strength. Based on these observations, 
the authors proposed that the anchorage length for self-compacting concretes with 
strengths lower than 50MPa can be reduced by the factor shown in the equation below.  
 )()( NVCbSCCb ll ⋅= α  3.3 ∝= 0,11	
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In the case of columns tested by Valcuende he observed the vertical variation of 
bond strength or the so called “top-bar effect”. All the actual standards admit that a 
significant bond reduction applies to conventional vibrated concrete proportional with 
the increase in element height. Thus ACI318 [83] or EC2 [92] specify an increase factor 
for the anchorage length by 30% for bars with a concrete height below them exceeding 
300 and respectively 250mm. The same behaviour was shown in this study, but some 
differences were observed between VC and SCC. Self-compacting concrete showed a 
more homogenous behaviour in element height, with a reduction ranging from 32% to 
55% observed (smaller than VC which showed variations of 60% to 74%). Following 
the study conducted, the author proposed to reduce the correction factor to 25% for the 
powder-based self-compacting concrete. The same behaviour was also observed by 
Desnerck 2011 [4] who performed tests on 9 columns. Each of these columns had 10 
bars aligned in two rows by height, the recorded compressive strengths ranged around 
the value of 60MPa for VC and 55MPa to 70MPa for self-compacting concretes. The 
test led to the same conclusion that self-compacting concrete is more homogenous by 
element height, showing small variations in bond strength.  
In 2010, the same author [93] conducted a comparison between self-compacting 
concrete and vibrated concrete by carrying out beam-test type tests for 3 concrete 
mixtures, two SCC and one VC. The author used 5 bar diameters for each mix (12, 20, 
25, 32, 40) resulting in a total of 30 beams tested. The concrete compressive strength 
was 63.7 and 57.5 MPa for SCC and 51.8 MPa for VC. In addition to the 
aforementioned, this test also varied the anchorage length of bars, using a length of 10 
and 5 diameters. The latter was used due to the observations that the use of a greater 
anchorage length for concretes of compressive strength over 60MPa may lead to 
reinforcement yielding prior to reaching the maximum bond strength. Following the test, 
the author concluded that self-compacting concrete showed higher bond strength for 
the same compressive strength or the same cement water ratio used (Figure 3-17). In 
terms of diameter variation, SCC may be deemed to have the same tendency of 
reducing the maximum strengths along with the diameter increase. The difference 
between the two concretes is that SCC reported substantially higher values for small 
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diameters and along with the diameter increase, the difference between the two 
concretes drops and becomes insignificant. 
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Figure 3-17 Bar diameter influence, see Desnerck [93] 
 
Some studies focused on both verifying the bond of self-compacting concrete and 
on verifying the applicability of the existing testing methods (pull-out or beam-test) for 
this type of concrete. In his paper Almeida F. [94] conducted a comparison between the 
two bond testing methods proposed by RILEM, pull-out and beam test, as well as a 
comparison with the equations and computational models in the specialized literature in 
order to determine bond strength, Figure 3-18.  
 
Figure 3-18 Comparison between pull-out and beam tests, see [94] 
 
The tests used two types of concrete, SCC and VC, with varying parameters such 
as compressive class, C30 and C60 and the diameter of bars used, d=10mm 
respectively d=16mm. The tests were carried out at the ages of 7 and 14 days. 
Following the test, the author concluded that the behaviour of the two concretes may be 
deemed as similar, even with a better behaviour for SCC, due to the use of limestone 
filler and superplasticizer which may increase bond strength. From the perspective of 
the testing method, both concrete types seem to render close results for normal class 
concretes and quite different for the higher classes. As a continuation of this paper, F. 
Almeida presented a paper [95] primarily aimed at observing the aforementioned 
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results in statistical terms. The main characteristics observed were the compressive 
strength, tensile strength, elasticity modulus and the bond between the concrete and 
the reinforcement. In terms of bond strength, as a result of statistical processing, the 
author concluded that the variation of strength for the same type of concrete was small. 
This observation confirms once again the increased bearing capacity of SCC and the 
perspective of using it in civil engineering applications.  
Other authors have been more sceptical to element test method stating that 
determining the bond through the pull-out method may present values of bond strength 
highly increased in comparison with those presented in design codes since most 
studies use maximum bond strength for comparisons. However, this strength cannot be 
considered as reliable for designers because it is produced to a slipping of the bar of a 
few millimetres which for a concrete element may be considered well above the 
admissible limit. For this reason some studies [103] have performed measurements 
with the pull-out test but when performing analyses they have considered the so-called 
critical bond strength. In this case the bond strength measured at a sliding of the bar of 
0.25mm is evaluated, making it possible to compare results with current specifications. 
In his work, Chan [92] presented a comparison between the vibrated concrete and self-
compacting concrete, running pull-out type tests on walls and applying the observations 
made above. The main parameters of the study were the influence of compressive 
strength and of the top bar effect for different ages, from 3 hours to 28 days. The two 
concretes were made with local materials. Mineral additives such as blast-furnace slag 
and fly ash have been used in the SCC composition. Although the amount of cement 
used was substantially below that of normal concrete, SCC compression strength was 
higher. Wall-type tested elements had dimensions of 1200x900x4300mm, 
reinforcements being arranged at the height of 200, 500 and 800mm from the bottom of 
the element. Following the test results, the authors concluded that the variation of bond 
strengths in self-compacting concrete is much lower than for normal concrete, SCC 
presenting both greater ultimate bond strength and a more uniform distribution of 
strengths along the element height. By comparing with the codes, the authors 
concluded that the relations for normal concrete have a safety factor ranging between 
18% and 50%, while same equations applied for SCC result in a safety factor of even 
+97%, with values ranging between 72-97%. 
The same author presented, though in another paper [93], a comparison between 
SCC, VC and high strength vibrated concrete reaching the same conclusion mentioned 
above. In addition, the influence of the vibration of the 3 types of concrete has also 
been tested, with the objective to observe the influence of vibration on self-compacting 
concrete (Figure 3-20).  
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Figure 3-20 Bond strength variation depending on the time of vibration, acc. [93] 
 
At international level [11] it is considered that self-compacting concrete can present 
a better behaviour in terms of bond strength due to limitation of phenomena such as 
flow, settlement or segregation. This limitation helps achieve a better contact surface 
between concrete and reinforcement than that formed by normal concrete. In this 
respect, W.Zhu conducted in 2004 [94] a test which used 3 self-compacting concrete 
mixes and 2 vibrated concrete ones. The author has carried out pull-out tests to 
determine the maximum bond strengths but performed also tests using micro and 
nano-indentation technology to determine the elasticity modulus at the interface zone 
between concrete and reinforcement. Concrete strengths ranged between 37 and 79 
MPa, two diameters of 12mm and respectively 20mm being tested. Tests showed that 
self-compacting concrete had normalized bond strengths approximately 10-40% higher 
than of normal vibrated concrete. The study regarding the interface zone confirmed 
these results, as, by comparing with the VC, self-compacting concrete had a smaller 
difference in elasticity modulus and micro-resistance to the upper and lower side of 
reinforcing bar (Figure 3-21a). This difference was assigned by the authors to the large 
amount of fine powder particles in SCC.  
In the same direction of the study of interface zone between concrete and 
reinforcement, Castel [85] conducted a test which traced the influence of reinforcement 
position. The tests were performed on two self-compacting concretes (C25, C40) and 
on two conventional vibrated concretes (C25, C40), using both plain and deformed 
bars. The elements tested were cubes and walls and the test method used was pull-out 
type method. After testing, he observed no significant differences between the two 
concretes except for C25 concrete tested against the casting direction where the 
variation was about 50%, the rest of values ranging between 5-20%. In tests performed 
on walls, the effect of bar vertical positioning was studied, by observing in the electronic 
microscope the area under reinforcing bars, variation on element height (Figure 3-21b) 
being recorded. The accumulation of cement paste under horizontal bars was observed 
both in SCC and VC. These accumulations occurred at a height of approx. 200-300mm 
to the bottom of the element and increased with increment in height. For deformed bars 
SCC25 height variation was 33.6%, while VC25 variation was 52.1% and for C40 
category the difference was from 39% for SCC to 35% for VC. For plain bars bond 
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reductions were much higher, but self-compacting concrete has always presented a 
better behaviour for these, thus bond reductions were -65.1% SCC and -78.9% VC25 
and for SCC25 series 2 concrete -74.3% and -76.2% VC. Large variations of bond in 
element height recorded for all concrete are due to lack of bar ribs that have a positive 
effect on the "top bar effect", reducing the accumulation of cement paste below the 
bars. As a final conclusion of their experimental program, the authors argued that self-
compacting concrete may present bond strengths higher by about 20% than vibrated 
concrete. 
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Figure 3-21 Influence of reinforcement position during casting, acc. [94], [85] 
 
Other authors have attempted a numerical modelling of bond between self-
compacting concrete and reinforcement. Sara Cattaneo [104] performed a study on the 
bond in SCC and VC by using pull-out type tests on cylinders, the test also enabling the 
performance of their numerical modelling in order to achieve an analytical model of 
bond phenomenon in elements with lower anchor lengths. The aim of the study was to 
investigate the influence of bar diameter and confinement on bond strength. 
Confinement applied was of two types, active by applying of external pressure and 
passive by adding steel fibres into concrete composition. Concrete average 
compressive strength was 54 MPa for fibre-free SCC and 64.5MPa for fibre concrete 
with a great difference in tensile strength from 3.8 to 8 MPa. In the test 3 diameters of 
12, 18 and 24mm were used, with constant reports for concrete cover / bar diameter 
and anchoring length / bar diameter. After the analysis of experimental data and 
numerical analysis conducted, authors concluded that the bond strength of the self-
compacting concrete was larger than that in vibrated concrete. Moreover they observed 
that even the effect of diameter change for SCC appears to be the same as for VC. For 
a larger diameter, a significant increase of concrete cover is needed to avoid splitting 
failure of the elements.  
Besides these mostly favourable results, some authors reached discrepant results, 
one of whom is M. Reza [96] who, in his 2008 work, challenged the superior behaviour 
of the self-compacting concrete by arguing that SCC has an bond 20% lower than that 
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of the normal vibrated concrete and the top bar effect seems higher for SCC. Following 
the said study, he proposed to change the equations in ACI318 [83] by an increase of 
30% in the bond reduction factor for the bars on the upper side of the elements. The 
testing method used was the pull-out test. The elements were sized so as to allow for 
the analysis of the top bar effect as well as the concrete cover. All elements failed by 
splitting due to the insufficient concrete cover used. The compressive strength was 
about 60MPa and the maximum bond strengths were 6MPa and 13MPa for both 
concretes, depending on the configuration of the element. However, the author’s results 
were challenged or at least questioned in another work [91] that tapped a few 
parameters such as the lack of statistical analysis of the results, the lack of the 
geometric variation of elements and also the use of a too small concrete cover, which 
could have led to inconclusive results, only resulting from the specific type of test and 
not relating to the general behaviour of the self-compacting concrete.  
While seeking a much more accurate conclusion, some authors tried to determine 
the properties of the concrete by testing it in an environment as closely as possible to 
the construction site. Thus, Hassan [97] tested two walls made of SCC and VC, 
respectively, 28-day compressive strengths of 45 and 47 MPa, respectively. The 
concretes were delivered from a concrete station with the intention to simulate the 
construction site environment. The tests were made at various ages (1, 3, 7, 14, 28 
days) and purposed to monitor the variation in the compressive strength and the bond 
strength. The test had two main objectives namely: a comparison in terms of bond 
between the self-compacting concrete and the normal vibrated concrete as well as the 
comparison between the stresses measured and those determined by calculation by 
using the American and the Canadian prescriptions. The author’s conclusion was that 
increased bond strengths could be seen in the self-compacting concrete at all ages, as 
well as a smaller variation per element height. The calculated values were much lower 
than those determined, which can be explained due to the confinement effect created 
by the cross bars and the testing method employed. As a general conclusion, the self-
compacting concrete behaved better and proved to be able to take on higher bond 
stress while having lower risk of settling on the higher parts. 
Wang [98] performed pull-out tests on cubes for two types of self-compacting 
concrete and one type of vibrated concrete. As his fellow authors, he also found 
increased bond strength in the self-compacting concrete but the differences were much 
lower (10%), which may lead to the conclusion that both concrete types behaved 
similarly in terms of bond. In his study, the author also studied the variation of the 
reinforcement deformation along the embedded length; Figure 3-19 shows the variation 
in C60 SCC and C40 SCC, respectively. 
Another study focused on determining the bond strengths of the lightweight self-
compacting concrete; Lachemi [99] had a benchmarking approach by comparing the 
normal self-compacting concrete to the self-compacting lightweight concrete. Pull-out 
tests were performed using embedded lengths of 100mm and 200mm. The 
compressive strengths were approximately equal around 30-40MPa for the two 
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concretes. All the parts split off. The bond strengths were 16 to 38% lower in the 
lightweight concretes. 
 
 
(a) SCC C60         (b) SCC C40 
Figure 3-19 Reinforcement strength and bond strengths, see [98] 
 
There are also studies [100], [101] to determine the bond strengths when the 
reinforcement bars are stacked inside the concrete elements and the strengths were 
studied in various element specific characteristics. Some studies have shown analytical 
methods to determine the maximum stress-slip curve [102], [103]. Some were mainly 
purposed to study whether the self-compacting concrete can be used in prestressed 
elements [104], [105], [106] and the bond thereof with the reinforcement was mainly 
studied. However, these topics are not discussed herein as they deviate from the 
subject of this doctoral thesis. 
 
Figure 3-20 Variation of the ultimate bond strength, see [60] 
 
Furthermore, after observing the presented researches, we may affirm that 
although certain studies are illustrating unsatisfactory results [91], the main tendency of 
self-compacting concrete being to provide bond strength greater than vibrated 
concrete. This statement is also supported by Domone [60] who conducted a survey of 
over 70 studies concerning the physical and mechanical properties of self-compacting 
concrete. During his assessment, the author also considered the bond of self-
compacting concrete, referring to both the maximum bond strength as well as to the 
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parameters which may influence the behaviour of elements made from SCC. The 
above presented figure illustrates some results referring to the relation between the 
maximum bond strength shown in several studies and the compressive strength. 
Following this assessment, the author concluded that the results are widespread due to 
a great variety of materials used. Self-compacting concrete is not deemed to show an 
inferior bond to that of normal vibrated concrete, suggesting that subsequent studies 
conducted for self-compacting concrete shall demonstrate the latter to behave similarly 
for any type of material used, as well as for any reinforcement geometry. 
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4. Experimental determinations to evaluate 
SCC bond stress – slip relationships 
4.1 General presentation of the experimental program 
As seen in the previous chapters, the bond between concrete and reinforcement 
can be affected by several factors. These depend on the properties of the concrete 
(compressive strength, tensile strength, confinement capability, etc.), reinforcement 
properties (yield strength and ultimate strength, roughness or geometric properties) as 
well as the parameters related to the influence of the environment thereon 
(temperature, humidity, concentration of various substances in the air, etc.). It is 
difficult, if not impossible; to determine the accurate behaviour of a reinforced concrete 
element in terms of bond precisely due to such factors that can rarely be considered 
separately as they have more or less simultaneous influence on the bond of the two 
materials. 
However, there are factors important and less important depending on each 
application apart. This experimental program looks at a series of parameters thought of 
as structurally important and included in the design relations expressed in codes for 
vibrated concrete; such specifications are not yet in place for the self-compacting 
concrete. Thus, through the experimental and theoretical parts, this study aims at 
getting the readers more familiar with the physical properties of the SCC and, at the 
same time, at increasing the confidence in using SCC in as many applications as 
possible. 
As already mentioned, the study is divided in two large experimental programs, the 
first one follows the influence of the physical and mechanical properties of the concrete, 
reinforcement and elements configuration on the self-compacting concrete bond, and 
the second looks at the influence of the fresh properties on the reinforcement bond. 
More exactly, the first part of the study consists in tests made on cube-type 
elements on four self-compacting concrete mixes and two vibrated concrete ones. The 
compressive strength classes were derived from the idea to test the difference between 
these two types of concrete for two different classes of strength per concrete; we were 
also trying to reach values over 50MPa for the compressive strength. Also, for each 
individual mix, ribbed bars with three different diameters were used, each of them used 
in 3 anchorage lengths. The influence of the bar type was also studied through tests on 
two smooth bar diameters. Besides, we looked at the influence of the concrete casting 
direction by producing elements with casting direction perpendicular both on the 
reinforcement bar and its longitudinal way thereof.  
In its second part, the study aims at promoting the higher pumping capacity of the 
self-compacting as compared to the vibrated concrete’s. The study relies on the fact 
that the SCC is used for large elements such as walls by pumping at the bottom of the 
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element. The study analyses the influence of the fresh properties on the bond capacity 
along the elements by using two classes of concrete different in terms of fresh 
deforming capacity. The influence of the compressive strength and of the bar diameter 
correlated with the fresh properties are also studied herein. 
A presentation of the materials used for the two experimental programs followed by 
the data analysis is available hereinafter. Observations on the general bond 
phenomenon and the influence of various parameters in the case of the concretes 
studied are also presented.  
4.2 Materials used in the two experimental programs 
4.2.1 Concrete 
Although deemed a special concrete, the self-compacting concrete has a great 
plus – local materials can be used to manufacture it; all the materials used in this study 
being purchased locally, without special properties or characteristics. The study 
includes 12 mixes, 10 for self-compacting concrete and 2 for vibrated concrete. Among 
these, 4 for self-compacting concrete and 2 for vibrated concrete were used in the first 
study on cubes made in the Laboratory of the Cluj-Napoca Technical University, 
Romania (UTCN). The other 6 self-compacting mixes were used for the experimental 
program in the Magnel Laboratory in Gent, Belgium (UGent). All the self-compacting 
concretes were SCC powder type, no viscosity modifiers were used. 
The properties of the materials used to manufacture the concrete, the methodology to 
determine the composition of the concrete as well as the fresh properties and the 
hardened properties are presented hereinafter.  
4.2.1.1 Materials used to produce the concrete 
a) Cement – Portland CEM I 52.5 was used in both studies; the difference between 
them was their initial strength. The UTCN lab used CEM I 52.5R – high initial strength, 
and the Magnel lab used CEM I 52.5N – normal hardening cement. The Table 4-1 
shows the mechanical properties of the cements specified by the manufacturer and 
Figure 4-1 shows the granulometric curve of cement CEM I 52.5N determined with a 
laser diffractometric in the Magnel UGent lab.  
Cement type 
Compressive strength 
[MPa] 
Stability 
[mm] 
Density 
kg/m3 
1 day 2 days 28 days 
CEM I 52.5 R - ≥30 ≥52.5 ≤10 3100 
CEM I 52.5 N 21 34 62 ≤1 3120 
Table 4-1 Properties of CEM I cement  
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Figure 4-1 Granulometric curve CEM I 52.5N 
b) Aggregates – natural aggregates were used in maximum sizes of 4 mm (sand) 
and 16 mm (coarse aggregates). Figure 4-2 and Figure 4-43 show the granulometric 
curves thereof as determined in accordance with EN 12620 [27]. The specific weight of 
the aggregates is presented in Table 4-2, only the absolute density was determined for 
the aggregates in UGent and the apparent and absolute density were determined for 
those used in UTCN.  
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Figure 4-2 Sand granulometric curve  
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Aggregate type Density 
Absolute 
[kg/m3] 
Apparent 
[kg/m3] 
Sand 
 0-4mm 
UTCN 2650 1569 
UGent 2625 - 
Coarse aggregate 
 4-8mm 
UTCN 2640 1469 
UGent 2620 - 
Coarse aggregate 
 8-16mm 
UTCN 2640 1380 
UGent 2620 - 
Table 4-2 Density of aggregates 
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Figure 4-3 Granulometric curve of coarse aggregates 
 
c) Limestone filler – was used in both programs as mineral addition to increase the 
paste volume and to obtain better bonding between the materials. According to the 
manufacturer’s certificate of conformity, the limestone filler used in the UTCN lab had 
less than 1% water content, less than 10% water solubility and carbonate content over 
90%, being compliant with SR EN 13043:2003.  
The fillers’ specific weight was determined as 2,700kg/m3 at UTCN and 2,650kg/m3 at 
UGent; the granulometric curve is as shown in Figure 4-4 (in absence of the 
granulometric curve, the minimum and maximum values set forth in the product data 
sheet were used for the UTCN filler). The filler used in both cases meets the European 
specifications on self-compacting concrete [8] as it has very high sieving percentage of 
0.125mm, thus being deemed as powder upon determining the paste content. 
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Figure 4-4 Granulometric curve for limestone filler 
d) Superplasticizers – high ranged water reducer, polycarboxylates ether-based 
superplasticizers with 12% concentration (UTCN – BASF Glenium Sky500) and 30% 
concentration (UGent – BASF Glenium 51) were used. These superplasticizers were 
used to increase the mix fluidity starting from a quantity considered basic and then 
testing the fresh concrete in order to determine the fresh properties. These tests 
showed whether the initial quantity of superplasticizer needed to be changed until the 
desired fresh properties for the concrete are obtained. This method is necessary due to 
the powerful chemical effect of the superplasticizer, which also reacts with other 
components of the mix. Its effect may vary according to the type of cement, the nature 
of aggregates, their granulometric curve or even the temperature variation which may 
impact the dosage.  
 
Figure 4-5 Materials used 
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4.2.1.2 Mix design 
 
The methodology used in the mix design of the two concrete types (VC and SCC) 
varied significantly. As said in Chapter 2, the design of the self-compacting concrete 
requires undergoing other phases that are different from those of vibrated concrete mix. 
Each concrete undergoes a different procedure. We start from the strength and 
exposure classes for the vibrated concrete and from the fresh properties in the self-
compacting concrete.   
Besides these, the procedure to determine the vibrated concrete composition is 
well-known and regulated under the standard SR EN 206-1 [24]. This procedure was 
also used in this study, and the properties we looked for were a slump class of 50 to 90 
mm and two strength classes (C40 and C50).  
In the case of self-compacting concrete, the aim was to use two basic mixes (one 
for the program at UTCN and the other for the program at UGent) and then, depending 
on the fresh or hardened requirements, to have certain ratios modified. Thus, a basic 
mix tested and optimized in the framework of other research projects [4], was used for 
the second part of the study (UGent); the Cement/Filler and the superplasticizer ratios 
were varied during this study in order to reach the mechanical properties (C30, C40, 
C50) and the fresh properties, respectively (SF1 and SF2). 
On the other side, for the first part of the study (UTCN), we needed to actually 
design a new self-compacting concrete mix. We started from the requirements on fresh 
properties: slump class SF2, flow rate VF2, flow ability PA1 and resistance to 
segregation over 85%, according to the classifications set out in Chapter 2. The 
composition design phase for the self-compacting concrete may take rather long and 
may be costly depending on the sizing method chosen (11 preliminary mixes were used 
to obtain the basic mix). The procedure was the one previously used in two research 
projects conducted in the UTCN lab based on the information and know-how presented 
by the researchers involved therein [53], [52]. The sizing method relies on the General 
Method presented in Chapter 2 improved with data from other authors and international 
specifications. Annex 2 presents the methodology followed to determine the basic mix 
used for the first part of this study. As can be seen in the said annex, the method is 
step by step, reaching an initial composition, further improved by tests conducted on 
fresh concrete. While applying this method, it must be taken into account that the 
parameters used are highly varied and the method itself requires a certain experience 
as regards the materials used.  
Following the preliminary tests to determine the fresh properties, a few samples 
were made to determine the hardened properties. Additional tests would be conducted 
at 7 and 28 days from casting the concrete samples. As no special requirements were 
in place for these concretes in terms of physical and mechanical properties, they were 
easy to meet, thus reaching the final compositions presented hereinafter. 
  
Chapter 4 : Experimental determination of SCC bond  
 
89 
 
 
4.2.1.3 Concrete compositions 
 
As already said, ten mixes of self-compacting concrete and two of vibrated 
concrete were used in the study. Four SCC and two VC were used in the first UTCN 
study, presented in Table 4-3. Furthermore, six mixes were used for the UGent part, 
presented in Table 4-4. 
Material 
Mix symbol u.
m 
SCC1 SCC2 SCC3 SCC4 BNV1 BNV2 
Cement CEM I 52.5N 270 300 350 410 300 350 
kg
 
Limestone filler 270 240 190 130 - - 
Sand  0-4mm 880.2 880.2 880.2 880.2 570.5 570.5 
Coarse agg 4-8mm 244.5 244.5 244.5 244.5 489 489 
Coarse agg 8-16mm 505.3 505.3 505.3 505.3 570.5 570.5 
Superplast 
Glenium 
SKY500 
 
L 
6.7 
% 
1.2 
L 
6.7 
% 
1.2 
L 
7.0 
% 
1.3 
L 
7.4 
% 
1.4 
L 
2.4 
% 
0.8 
L 
2.8 
% 
0.8 
Water 180 180 180 180 135 135 L 
Ratio  W/C ; W/P 0.67 0.33 0.60 0.33 0.51 0.33 0.44 0.33 0.45 0.45 0.39 0.39 - 
Table 4-3 Concrete mixes used –UTCN 
Material 
Mix symbol 
u
.
m SCC5 SCC6 SCC7 SCC8 SCC9 SCC10 
Cement CEM I 52.5N 300 300 250 250 350 350 
kg
  
Limestone filler 300 300 350 350 250 250 
Sand  0-4mm 870 870 870 870 870 870 
Coarse agg 4-8mm 270 270 270 270 270 270 
Coarse agg 8-16mm 445 445 445 445 445 445 
Superplast 
Glenium Ace51 
%
P 
L 
3.2 
% 
0.5 
L 
2.4 
% 
0.5 
L 
3.0 
% 
0.4 
L 
2.4 
% 
0.4 
L 
3.2 
% 
0.5 
L 
2.5 
% 
0.4 
Water 165 165 165 165 165 165 L 
Ratio  W/C ; W/P 0.56 0.28 0.56 0.28 0.67 0.28 0.67 0.28 0.48 0.28 0.48 0.28 - 
Table 4-4 Concrete mixes used - UGent 
 
All the mixes behaved properly during mixing and casting. No segregation or bleeding 
was observed and the casting procedure went on smoothly.   
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4.2.1.4 Concretes fresh properties  
 
As said in Chapter 2, the freshly manufactured concrete must meet certain 
requirements related to filling capacity, stability or passing capacity in order to be 
deemed self-compacting concrete. To check such properties, the test methods 
described in paragraph 2.4 were used. The results of the tests as well as the related 
observations are set out hereinafter.  
Before the presentation, it should be said that, in case of concretes SCC5, SCC7 
and SCC10 made during the UGent experimental program, we opted for casting the 
same mix in two phases due to the high quantity of concrete needed for one element, 
which resulted in small differences in terms of fresh properties or hardened properties. 
The differences in fresh properties were insignificant, less than 2%; the average results 
for these concretes are presented hereinafter. The differences in hardened properties 
(compressive strength) were higher, up to 8%, which required that the results be 
presented separately for each type of concrete. Thus, the concretes were categorized 
as SCCa or SCCb and two strength values were presented. 
 
 
A. Self-compacting concrete 
a) Flow ability –„Abrams cone” 
This method was employed to test all the concretes made, and most of them 
presented small differences in terms of results from one cast to another. The difference 
between the maximum and the perpendicular diameters was maximum 20mm for all 
concretes. The Table 4-5 presents the results obtained for all the ten mixtures tested 
and the spreading classes according to the European recommendations EN206-9 and 
the visual observation index of the segregation strength (VSI) according to the 
American standards ACI237 [9].  
Self-compacting concrete 
 1 2 3 4 5 6 7 8 9 10 
Diameter 
[mm] 
670 695 700 710 780 665 785 585 795 630 
Classification  
EN206-9  
[32] 
SF2 SF2 SF2 SF2 SF2 SF2 SF2 SF1 SF2 SF1 
ACI 237R - 
VSI 
[78]  
0 1 0 0 0 1 1 0 1 0 
Table 4-5 Abrams Cone results and their classification 
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Figure 4-6 shows two concretes of different spreading classes. As can be seen, 
the concrete on the right side has little tendency of segregation and forms a halo 
around it, being the visual criteria based on which the concrete was categorized in 
Table 4-5 (VSI index). 
   
(a)  D=765mm       (b) D=680mm 
Figure 4-6 Self-compacting concrete of various spreading classes 
 
b) Flow speed – „V Funnel” 
All concretes proved compliant with the European standards [8] in class VF2, which 
means a flow time ranging from 5 to 25 seconds.  
 
Self-compacting concrete 
 1 2 3 4 5 6 7 8 9 10 
Time 
[sec] 
17 13 18 14 16 16.5 14 10.1 18.5 24 
Classification 
EN206-9 
[8] 
VF1 VF1 VF1 VF1 VF1 VF1 VF1 VF1 VF1 VF1 
Table 4-6 Results obtained with the V Funnel 
 
 
Figure 4-7 V Funnel tests 
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c) Passing ability – “L Box”  
To test this fresh property, an L-box with three smooth bars was used. As can be 
seen in Table 4-7, all concretes had a PR ration higher than 0.80, and were categorized 
in the PA2 class according to the Eurocode EN206-9. Although categorized in the same 
class according to the European specifications, the difference between the PR 0.95 
concrete and the PR 0.80 concrete is pretty high, which may require a division thereof 
in lower PA2 and higher PA2 with a limit between them around 0.9.  
Self-compacting concrete 
 1 2 3 4 5 6 7 8 9 10 
1
2
H
HPR=  0.824 0.853 0,924 0.895 0.969 0.805 0.950 0.818 0.911 0.803 
Classification 
EN206-9 
[8] 
PA2 PA2 PA2 PA2 PA2 PA2 PA2 PA2 PA2 PA2 
Table 4-7 Results of the L-box test 
 
   
Figure 4-8 Determining the passing ability by using the L-Box 
d) Segregation resistance – “Sieve stability test”  
As already said, the concretes have proven good segregation resistance, maximum 
15% for almost all the concretes. It should be mentioned that this was possible due to 
the method used to design the mixes that is to adjust the superplasticizer upon casting. 
For instance, the concrete SCC6 had been initially designed with a higher quantity of 
superplasticizer, which was later reduced precisely due to the low segregation strength.  
Self-compacting concrete 
 1 2 3 4 5 6 7 8 9 10 
Segregation 
percentage  
SR% 
10.3 15.1 9.1 11.2 8.7 5.6 7.3 6.4 8.0 1.7 
Classification 
EN206-9 [8] SR2 SR1 SR2 SR2 SR2 SR2 SR2 SR2 SR2 SR2 
Table 4-8 Results of the sieve stability test  
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Figure 4-9 Testing the segregation resistance – Sieve stability test 
e) Air content and specific mass 
 
We skipped this method in section 2.4 because it is not mentioned in any 
specification as specific to the self-compacting concrete. It is, in fact, the same method 
used for the vibrated concrete, a method described in the standard EN 12350-7 [107]. 
The only difference is that any kind of vibration is eliminated in the case of the self-
compacting concrete. Moreover, the specific mass or, better said, the density required 
to measure the quantity of occluded air, can also be determined by this method. This 
method was only applied in the second part of the study, the results and the 
instruments being presented in Table 4-9 and Figure 4-10. 
 
Table 4-9 Results for the air content and specific mass 
Self-compacting concrete 
 1 2 3 4 5 6 7 8 9 10 
Air 
% 
- - - - 1.5 2.7 2.5 2.7 2 2.4 
Density 
Kg/m3 
- - - - 2385 2369 2352 2345 2381 2387 
       
Figure 4-10 Determining the air content and the density 
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B. Vibrated concrete  
 
This type of concrete was tested for slump class according to EN 12350-2 [49]; 
both concretes behaved properly and were included in the slump class 2, as shown in 
Table 4-10  and Figure 4-11. 
 
Table 4-10 Slump test for VC 
 Vibrated concrete 
 VC1 VC2 
Slump [mm] 70 74 
                                 Classification 
EN 206 [24] S2 S2 
 
 
Figure 4-11 Normal vibrated concrete slump test 
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4.2.1.5 Hardened properties 
 
The hardened properties determined during the study were the compressive strength 
(in both parts of the study) and the tensile strength (UTCN). These tests were 
performed in compliance with the standard EN 12390 – Testing hardened concrete. 
The compressive strength was measured on 150x150x150mm cubes and 150x300mm 
cylinders. The tensile strength was determined on 100x100x550mm bending prisms 
and 100mm splitting cubes.  
 
a) Compressive strength 
 
The methodology provided under the standard EN 12390-3 [57] was used to 
determine the compressive strength of concrete, and 150mm cubes and 150x300mm 
cylinders were used for testing. The test method consisted of applying a vertical 
perpendicular force on the concrete casting direction by using a hydraulic press. In 
case of concretes SCC1...SCC4 as well as VC1 and VC2, the compressive strength 
was determined on cubes at 7 to 28 days from the casting date, and 28 days on 
cylinders and cubes for the concretes SCC5...SCC10. Post-casting elements were 
preserved differently for the two experimental programs. The samples for the UTCN 
study were stored in an environment in which the humidity was higher than 90% and 
the temperature approximately 20 degrees, the samples for the second part of the 
study were stored at approximately 60% humidity and 20oC. This decision was made 
due to the specificity of the experimental program tests conducted in the Magnel 
laboratory, which required the testing of larger walls stored inside the lab under the 
aforesaid conditions. The Figure 4-12 presents the tested samples, and the Table 4-11 
presents the average compressive strength as determined. During the test made at 28 
days, their density was also determined. Table 4-12 presents both, the results for self-
compacting concrete and for normal vibrated concrete.  
 
            
(a)Compressive strength elements   (b) Testing procedure   (c) Density 
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Figure 4-12 Determining the compressive strength and density 
 SCC VC 
 1 2 3 4 
5 
6 
7 
8 9 
10 
1 2 
a b a b a b 
7 days 
fcm.cub[MPa] 45 52 63 71 - - - - - - - - - 44 60 
SD 3.7 2.1 1.3 4.6 - - - - - - - - - 0.4 3.2 
28 days 
fcm.cub[MPa] 52 57 70 78 62.8 59.5 57.5 51.4 48.2 48.3 62 65 64 54 72 
SD 0.7 6.13 0.5 1.9 1.2 0.8 0.5 0.8 0.9 0.3 0.3 0.6 0.5 5.6 6.0 
fcm.cil [MPa] - - - - 56.8 53.0 53.5 45.5 43.1 46.5 67.1 62.9 58.0 - - 
SD - - - - 1.0 1.3 0.6 0.5 0.7 0.5 1.1 1.4 1.6 - - 
Density 
[kg/m3] 
- - - - 2364 2330 2315 2288 2358 2345 - - 
 
  
SD - - - - 15 1.5 9.2 6.1 7.8 15.4 - - 
 
  
Table 4-11 Compressive strength 
b) Tensile strength  
 
The splitting strength (fct,sp) and the flexural strength (fct,fl) for the concretes 
SCC1...SCC4 as well as VC1 and VC2 were determined during the experimental 
program. To determine these properties, the methodology described in standard EN 
12390-5 [57] was used for the flexural strength and the one described in EN 12390-6 
[57] for the splitting strength. In the case of flexural strength, the elements tested were 
prisms and the test consisted in a force applied half-way on the 250 mm distance 
between the two supports. Moreover prisms having a contact area with sides of 10mm 
were used for the splitting strength test. Figure 4-13 presents the two test methods 
used and the Table 4-12 shows the results obtained for the two types of concrete.  
                        
    (a)Flexural strength     (b) Splitting strength 
Figure 4-13 Determining the tensile strength 
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                 SCC VC 
 1 2 3 4 1 2 
 7 days 
fct.fl [MPa] 5.7 6.2 6.3 6.8 5.2 6.7 
SD 0.2 0.5 0.3 0.4 0.3 0.6 
fct.sp[MPa] 2.0 3.5 3.8 3.9 3.3 4.3 
SD 1.0 0.1 0.4 0.3 0.2 0.1 
 28 days 
fct.fl [MPa] 6.8 7.1 8.1 8.9 6.5 7.8 
SD 0.2 0.6 0.5 0.3 0.5 0.7 
fct.sp[MPa] 3.7 4.1 4.4 4.7 4.3 4.9 
SD 0.5 0.8 0.1 0.3 0.4 0.5 
Table 4-12 Tensile strength and density 
 
For better observation of the properties obtained and more efficient reference 
thereto in the next chapters, the following tables present a centralization of the 
compositions, fresh and hardened properties registered for all 12 concrete mixes 
tested. 
 
Chapter 4 : Experimental determination of SCC bond  
 
98 
 
 
                                                                                                                                            SCC VC 
Parameters  1* 2* 3* 4* 5** 6** 7** 8** 9** 10** 1* 2* 
                                      Mix design  
Cement   Kg/mc 270 300 350 410 300 300 250 250 350 350 300 350 
Limestone filler  Kg/mc 270 240 190 130 300 300 350 350 250 250 - - 
Sand  Kg/mc 880.2 880.2 880.2 880.2 870 870 870 870 870 870 570.5 570.5 
Agr. 4-8  Kg/mc 244.5 244.5 244.5 244.5 270 270 270 270 270 270 489 489 
Agr. 8-16  Kg/mc 505.3 505.3 505.3 505.3 445 445 445 445 445 445 570.5 570.5 
Superplasticizer  Kg/mc 6.7 6.7 7.0 7.4 3.2 2.4 2.5 2.4 3.2 2.5 2.4 2.8 
Water  Litres/mc 180 180 180 180 165 165 165 165 165 165 135 135 
Method  Fresh properties  
Abrams cone 
 
 
Diam. 
[mm] 
670 694 700 708 782 665 784 583 793 631 
Slump [mm] 
70 74 
V – funnel   
 
 
Speed 
[sec] 
17 13 18 14 16 16.5 14 10.1 18.5 24 - - 
L - box  Ratio H 0.82 0.85 0.92 0.89 0.97 0.80 0.95 0.82 0.91 0.80 - - 
Sieve test 
 
 
SR 
[%] 
10.3 15.1 9.2 11.2 8.7 5.6 7.3 6.4 8.0 1.7 - - 
Air content  [%] - - - - 1.5 2.7 2.5 2.7 2 2.4 - - 
Density  [kg/m3] - - - - 2385 2369 2352 2345 2381 2387 - - 
**These concretes comprised of CEM I52 R and Sp Glenium Sky500;  ** CEM I 52.5N was used, as well as the Glenium ACE 51 superplasticizer 
 
Table 4-13 Composition and properties of concretes used 
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                                                                    SCC VC 
 Param. 1* 2* 3* 4* 5** 6** 7** 8** 9** 10** 1* 2* 
                                               Hardened properties  
Compressive 
strength 
7days fcm.cube[MPa] 44.8 52.1 63.5 71.3 - - - - - - 44.5 60.5 
28days 
fcm.cube[MPa] 52.4 57.3 70.2 77.8 62.8 57.5 51.4 48.3 67.4 65.5 54.3 72.1 
fcm.cyl [MPa] - - - - 58.3 53.5 49.5 46.5 62.1 62.4 - - 
Tensile strength 
7days 
fct.fl [MPa] 5.7 6.2 6.3 6.8 - - - - - - 5.2 6.7 
fct.sp[MPa] 2.0 3.5 3.8 3.9 - - - - - - 3.3 4.3 
28 days 
fct.fl [MPa] 6.8 7.1 8.1 8.9 - - - - - - 6.5 7.8 
fct.sp[MPa] 3.7 4.1 4.4 4.7 - - - - - - 4.3 4.9 
Density 28days [kg/m3] - - - - 2364 2330 2315 2288 2358 2345 - - 
 
Table 4-14 Composition and properties of concrete mixes used 
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4.2.2 Reinforcement 
The experimental program used ribbed bars with diameters of 10, 12, 14 and 16 
mm and plain steel bars with diameters of 10 and 12 mm with following mechanical 
characteristics: S500 for the ribbed bars and S255 for the plain bars. In order to 
determine the mechanical characteristics for each type of reinforcement, 3 specimens 
were randomly sampled to be tested in the laboratory. The characteristics referring to 
yield strength, the ultimate value and the deformations associated thereto were 
determined according to the SR EN 10002-1 standard. The characteristics, determined 
for each individual reinforcement bar, are presented in Table 4-15 and the curves 
determined for each sample in Annex 3. 
If, in terms of the steel used to make the ribbed bars, both studies used the same 
type of steel, this cannot be stated in terms of the geometrical features, the latter 
differing quire significantly. By geometrical characteristics of ribbed reinforcements, the 
reference made is to features such as inter-rib distance, their height, the rib angle 
defined according to ISO 15630-1 [85], additional details being provided in chapter 
3.3.4. Table 4-15 and Figure 4-14 display the characteristics determined in the 
laboratory with the help of a laser measurement device. The maximum rib height, rib 
distance and inclination angle of the same was determined for each reinforcement type, 
thus determining the relative rib area.  
Table 4-15 Reinforcement characteristics 
 
Symbol 
Diam. 
d 
[mm] 
Yield 
strength 
fy 
[MPa] 
Ultimate 
strength 
fu 
[MPa] 
Ribs height 
hr 
[mm] 
Inter rib 
distance 
sR 
[mm] 
Rib angle 
β 
[ o ] 
Relative 
area 
fR 
[ - ] 
UGent 
R
ib
be
d 
 10 575 647 0.70 6.60 60 0.0338 
12 580 647 0.85 7.10 60 0.0381 
16 574 659 1.20 8.80 60 0.0434 
UTCN 
rib
be
d 
10 568 631 0.35 7.1 60 0.0157 
12 559 639 0.53 7.23 60 0.0233 
14 546 641 0.72 7.32 60 0.0306 
sm
oo
th
 10 375 450 - - -  
12 380 477 - - - - 
 
(a)UGent  
 
 
 
(b)UTCN  
 
 
 
 
 
 
 
 
Figure 4-14 Reinforcements   
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4.3  Pull-out Tests on Cubes 
4.3.1 Experimental program  
The experimental programs observes the bond between self-compacting concrete 
and the reinforcement, implying the use of the pull-out method for cubes described by 
RILEM [108] in order to determine the bond. The method presupposes the 
determination of bond strengths for a single reinforcement bar embedded in a concrete 
cube. The construction of the experimental program started from the idea of a 
comparison between vibrated concrete and self-compacting concrete for two strength 
classes. Two vibrated concrete mixtures (VC1 and VC2) and four self-compacting 
concrete mixtures (SCC1…SCC4) with a mean compressive strength ranging from 50 
to 80MPa were tested. Depending on the concrete strength classes, such were split 
into two series as follows: Series 1 with a compressive strength around the value of 
50MPa and which included the SCC1, SCC2 and VC1 concretes and Series 2 with a 
compressive strength of approximately 70MPa which included the SCC3, SCC4 and 
VC2 concretes. 
Furthermore, in order to conduct a proper analysis of the difference between the 
two concrete types for each mixture, the most important parameters influencing the 
bond were varied: anchorage length, bar diameter, casting direction as well as bar type 
(using both ribbed bars and smooth bars). As may be observed in Table 4-16, by 
presenting the experimental program description, each assessed parameter implied the 
construction of 3 identical elements. 231 elements distributed according to the 
observed parameter were created as follows: 
• The influence of compressive strength by preparing 2 vibrated concretes and 
four self-compacting concretes of different classes. Due to the fact that usually 
the compressive strength for the two concretes differs by approximately the 
same composition and in order to have as clear perspective as possible for the 
behaviour of self-compacting concrete, the four SCC mixtures were sized so 
as to cover a wide range of values, both superior and inferior to those 
determined for the vibrated concrete. 
• The diameter influence was studied for both plain bars and for ribbed bars, 
using 3 diameters (10, 12 and 14mm) for the ribbed bars and respectively two 
diameters (10 and 12 mm) for plain bars. 
• There were tested 3 anchorage lengths, namely 3, 4 and 5 diameters.  
• As presented in the previous chapter, the casting direction also plays an 
important role in the bond phenomenon, thus, this study is aimed at observing 
two casting directions (perpendicular and longitudinal) and two testing 
directions for the longitudinal casting direction. For a better illustration, Figure 
4-15 provides details on the casting-testing modes used, for the same direction 
and for the opposite casting direction. 
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• If from as structural perspective, the plain bars do not present anymore a high 
interest, they may render valuable information on the adhesion strength 
between the concrete and the reinforcement. This program also included the 
testing of two plain bar diameters with the main goal of observing the 
reinforcement embedding capacity for the two concrete types.  
 
Figure 4-15 Casting-testing directions 
 Perpendicular casting direction Longitudinal 
direction 
  Ribbed bars Plain Ribbed bars 
nr 
Concr. 
type 
Diam. 
[mm] 
Anchorage length 
3φ 4φ 5φ 5φ LD1-
3φ 
LD2-
3φ 
1  
SCC1 
10 3 3 3 3 - - 
2 12 3 3 3 3 - - 
3 14 3 3 3 - - - 
4  
SCC2 
10 3 3 3 3 6 3 
5 12 3 3 3 3 - - 
6 14 3 3 3 - 3 3 
7  
SCC3 
10 3 3 3 3 3 3 
8 12 3 3 3 3 - - 
9 14 3 3 3 - 3 3 
10  
SCC4 
10 - - 3 3 - - 
11 12 - - 3 3 - - 
12 14 - - 3 - - - 
13  
VC1 
10 3 3 - 3 - - 
14 12 3 3 - 3 - - 
15 14 3 3 - - - - 
16  
VC2 
10 3 3 3 3 3 3 
17 12 3 3 3 3 - - 
18 14 3 3 3 - 3 3 
Total cubes tested 45 45 54 36 27 24 
TOTAL CUBES 231 
Table 4-16 Pull-out tests on cubes 
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4.3.1.1 Materials 
 
In terms of concrete types, the experimental program tested elements made by 
using the following concretes: SCC1…SCC4 for self-compacting concrete and VC1 and 
VC2 for vibrated concrete. The used materials in the case of these concretes are 
presented in the paragraph 4.2.1. 
 In terms of reinforcements, such were also described in the pages above 
(paragraph 4.2.2), using 3 diameters (10, 12 and 14mm) for ribbed bars and two 
diameters (10 and 12mm) for the plain ones.  
 
4.3.1.2 Elements geometry 
 
The details concerning the elements used within this study are showcased in 
Figure 4-16 and Table 4-17. The determination of elements geometry was based on the 
specifications provided by RILEM [108] which recommends the use of cubical elements 
with side sizes depending on reinforcement diameter. These specifications recommend 
that the cube side be at least 10 times greater than the bar diameter, in which case 
100, 120 and 140mm side cubes have resulted. The bar is recommended to be not 
embedded for at least 5 diameters from the element base, this area being influenced by 
forces transmitted by the platens of the testing machine. The bar embedding lengths for 
the concrete used during the study were 3, 4 and 5 diameters, resulting in a free-
standing length of 7, 6 and 5 diameters respectively. The free-standing length was 
achieved by applying a plastic jack on the necessary length, with a diameter equal to 
twice the bar diameter and a length depending on the anchorage length for each 
individual element. 
 
Symbol 
Cube 
dimension 
Bar diameter 
Ø 
Anchorage length -ld 
3Ø 4Ø 5Ø 
 [mm] [mm] [mm] 
C10 100 10 30 40 50 
C12 120 12 36 48 60 
C14 140 14 42 56 70 
Table 4-17 Element sizes 
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Figure 4-16 Elements geometry 
 
4.3.1.3 Formwork preparation 
 
The cubes were cast in formworks incorporating 3 elements each for the 10 and 12 
mm bars and 2 elements each for the 14 mm bars. As mentioned above, two casting 
directions were used, which required the construction of two mould types for each 
direction (perpendicular and longitudinal). As may be seen in Figure 4-17 the bars for 
the perpendicular direction were displayed horizontally, and for the longitudinal 
direction, the bars were displayed vertically. In order to ensure a proper verticality, the 
bars were anchored to the lower part in specially designed holder. 
   
Figure 4-17 Pull-out type formwork 
 
Before casting, in order to avoid the concrete bleeding during casting, side 
perpendicularity and the tightness of such casting was verified for all moulds. In order 
to avoid cement paste infiltration in the plastic jacket, its ends were protected with the 
help of silicone based composite with quick hardening properties. 
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4.3.1.4 Concrete mixing and elements casting 
 
The concrete was prepared in 60 litre batches using a vertical mixer. In order to 
cast all elements prepared for one type of concrete, approximately 2 batches were cast 
for the elements necessary to test the bond and another two batches to perform the 
fresh tests and to determine the physical and mechanical properties.  
 
 
Figure 4-18 Casting concrete into formwork 
 
Before casting, all materials were dried and weighed in order to make the 
necessary humidity adjustments. During the first phase, the coarse aggregates and 
sand were introduced and then mixed for approximately 15 seconds. They were 
followed by the cement and limestone filler (just cement for conventional concrete) and 
mixed again for one minute. Then water was added and 30 seconds later the 
superplasticizer but without interrupting the mixing process until reaching the process 
time of three minutes. After completion, tests to determine fresh properties were 
performed.  
The conclusion of fresh properties tests was followed by the actual casting into 
formworks, simultaneously for the bond formworks and for those aimed at determining 
the hardened properties, in order to eliminate the possibility of property variation from 
one batch to another (Figure 4-18).  
In case of self-compacting concrete, the casting process was performed by the 
casting thereof at a distance of approximately 50 cm from the formwork without 
applying another mechanical form of vibration. In contradiction, for conventional 
vibrated concrete, compaction was performed with the help of a vibrating table. For the 
purpose of achieving a proper compaction, concrete was added in three layers and 
vibrated until the air bubbles on the concrete surface could no longer be observed.  
In order to protect water evaporation and drying, a curing compound was applied 
to the sample surface. The de-moulding of elements was performed after at least 48 
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hours from casting, being then kept in an environment with an approximate humidity of 
95±5% and a temperature of 20oC.  
 
4.3.1.5 Testing methodology  
 
All tests were performed at 28 days from the casting date. The testing procedure is 
shown in Figure 4-19. The tested element was introduced into a steel support, 
anchored in the upper part. A steel plate was applied to the lower part of the cube and 
a neoprene layer was applied for the even distribution of force on the entire cube 
surface. The reinforcement was anchored to a hydraulic press with a maximum 
capacity of 200KN with which the force was applied. In order to measure the applied 
force, the press was equipped with an HBM C6A force transducer with a reading 
accuracy of 0.3KN. Moreover, to determine the displacement of the free end of the bar, 
a linear variable differential transformer (LVDT) was used, the reading accuracy was of 
0.001mm. 
 
 
Figure 4-19 Test set-up 
 
A testing speed necessary for an even strength increase in the reinforcement bar of 
38 MPa per minute [108] was determined for each individual diameter. The force 
measurement and the displacement of the free end of the bar were performed until: the 
maximum slip of the bar exceeded 5mm, the cube spitted or the yield strength of the 
reinforcement was reached (case only occurred for a single configuration).  
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4.3.2 Results and discussions 
 
In order to reach a more efficient interpretation of results obtained, the following 
pages observe three characteristic values of the bond between materials. The first of 
such features, and the most easily quantifiable, is the ultimate bond strength ( τ), 
defined in equation 4.1.  
 
d
R ld
F
⋅⋅
=
pi
τ max  
 4.1 
Where: 
   – ultimate bond strength in MPa 
 Fmax – maximum force 
 d – bar diameter in mm 
 ld – bar anchorage length in mm 
 
The second value observed is the bond characteristic strength (τ) or the medium 
bond strength defined as the arithmetic mean of bond strengths determined for a 
recorded reinforcement slip of 0.01mm, 01mm, 1.0mm, shown in equation 4.2.  
 
 
3
)( 0.11.001.0 ττττ ++=M   4.2 
Where: 
  – characteristic bond strength 
 ,,,, ,- strengths determined for a recorded reinforcement slip of 0.01mm, 01mm  and 
1.0mm respectively. 
 
The final value observed and considered as the bond phenomenon characteristic 
is that of final slip (su), which represents the slip recorded when reaching the maximum 
bond strength. 
 To better observe the influence of certain individual parameters, this paragraph 
provides a review of the composition, fresh and hardened properties for each concrete. 
Also, the following pages include initial observations made during the test, and the 
provision of a result assessment in terms of varied parameters. 
  
The parameters observed for each concrete are: 
- embedded length of reinforcement bars in concrete cubes,  
- bar diameter,  
- concrete casting direction, 
- testing direction relative to casting direction 
- type of bars, ribbed and plain bars.  
 For each parameter the aim was to observe the influence thereof on the initial 
bond strengths and slips recorded for low loading levels, on the ultimate bond 
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strengths, characteristic strengths, the ultimate slips as well as the behaviour in terms 
of tested element failure. 
 As previously mentioned, this paragraph shows the behaviour of each tested 
concrete and does not provide a comparison between self-compacting concrete and 
vibrated concrete. This comparison is made in the next paragraphs (4.3.3, 
4.3.4…..4.3.7) which observe the influence of the concrete type on the bond 
phenomenon for the two concrete types.  
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I. Self-compacting concrete 1 – SCC1 
 
Concrete composition, fresh properties and hardened properties are provided in 
Table 4-18.  
 
Mix design  
SCC1 
Cement 
CEM I 
52,5R 
Limestone 
filler 
Sand 
0-4mm 
Coarse 
aggregate 
4-8mm 
Coarse 
aggregate 
8-16mm 
SP 
Sky500 
Water 
270 kg 270 kg 880,2 kg 244,5 kg 505,3 kg 6.7 litres 
180 
litres 
 
Fresh properties Hardened properties 
SCC1 
Abrams 
Cone 
mm 
V funnel 
Sec 
L Box 
- 
Segregation 
resistance 
% 
days 
fcm.cube 
MPa 
fct.fl 
MPa 
fct.sp 
MPa 
670 17 0.824 10.27 7 
28 
44.8 
52.4 
5.7 
6.8 
2.0 
3.7 
Table 4-18 SCC1 concrete properties 
 
SCC1 Results Failure mode 
Bar 
type 
Diameter 
Anchorage 
length 
ld 
τ 
MPa 
SD 
MPa 
τ 
MPa 
SD 
MPa 
su 
mm 
SD 
MPa 
S D 
Ribbed 
bars 
Ø10 
3Ø 24.24 1.40 16.97 1.82 0.99 0.19 3 0 
4Ø 21.07 2.20 16.71 3.12 1.12 0.16 3 0 
5Ø 23.27 1.88 17.49 3.63 1.13 0.52 3 0 
Ø12 
3Ø 24.53 1.72 19.93 4.93 0.88 0.32 3 0 
4Ø 21.51 2.86 13.47 1.45 1.15 0.74 2 0 
5Ø 20.98 1.13 14.52 2.62 0.84 0.27 3 0 
Ø14 
3Ø 21.36 0.57 14.47 1.28 1.00 0.21 3 0 
4Ø 20.26 0.95 13.89 0.20 0.71 0.09 1 2 
5Ø 20.02 0.14 13.06 1.80 0.65 0.14 2 1 
Plain 
bars 
Ø10 5Ø 7.40 0.59 6.86 0.30 0.41 0.25 3 0 
Ø12 5Ø 9.05 0.90 7.04 1.36 1.83 1.22 3 0 
Table 4-19 SCC1 bond strengths and ultimate slip 
 
In case of SCC1, elements were produced using a perpendicular casting direction, 
while no elements were produced using the longitudinal direction. Three anchorage 
lengths (3Ø, 4Ø, 5Ø) and three bar diameters (10, 12,14mm) were used for ribbed 
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bars. A single anchorage length for both diameters used (10 and 12 mm) was applied 
for plain bars.  
 In order to conduct an analysis of the behaviour in terms of the concrete bond with 
the reinforcement the following parameters were considered: ultimate bond strengths 
(), characteristic bond strength (), ultimate slip (su), as well as the manner of 
element failure which may be bar pull-out (S) or splitting (D). The values determined for 
such parameters are presented in Table 4-19, which also provides the standard 
deviation (SD) as resulted from testing 3 identical elements for each parameter. The 
table implies the use of a notation which considers: the type of concrete (self-
compacting-SCC), the bar diameter (Ø_) and the anchorage length used (ld). For 
example SCC1-Ø10-4Ø represents self-compacting concrete 1, 10mm diameter bars 
and an anchorage length of 4 diameters (in this case equal to 40mm).  
 
Initial observations: 
• In case of Ø12-4d series for an element cement paste infiltration occurred within 
the protection jack, and the results obtained in this case shall not be considered in the 
analyses performed. Figure 4-20 highlights this problem. To avoid influencing the final 
results, Table 4-19 and Figure 4-22 provide the mean for the two elements identical to 
it.  
 
Figure 4-20 Infiltration of the concrete paste in the plastic sheath 
 
Figure 4-21 Cube failure by cube splitting 
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• When the 140mm side cubes were tested, due to the diameter and greater forces 
implied, a risk of element failure by pull-out or split-off cracks occurred around the 
reinforcement bar. For this reason, the test was stopped when recording a slip higher 
than 2mm but with the condition that the maximum bond strength has been reached.  
 
• As previously noted, in certain cases, especially for great diameters and 
anchorage lengths, an element splitting tendency was observed. As shown in both 
Table 4-19 and Figure 4-21, the splitting occurred for two elements with an anchorage 
length of 4Ø and 5Ø respectively, behaviour not observed for the 3Ø elements. 
Moreover, note that this behaviour was observed for bars with a 14mm diameter. 
Figure 4-21 shows this manner of behaviour for elements with a 4Ø anchorage length.  
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Anchorage length influence 
Figure 4-22 shows the bond-slip diagrams obtained from the tests conducted for 
SCC1 elements. The diagrams show the bond-slip diagrams recorded for each 
diameter according to anchorage length. Each curve represents the mean of the three 
identical elements tested.  
As can be seen from the figure, due to the increase in anchorage length, the 
ultimate bond strengths tend to decrease in most cases, with few exceptions. In case of 
elements with 10mm bars, the modification of anchorage length from 3Ø to 4Ø lead to 
a 15% decrease of the ultimate bond strength, yet when the length was modified from 
4Ø to 5Ø, the ultimate strength increased by 9%. As a general behaviour, a strength 
decrease was observed from 24.24MPa for Id=3Ø to 23.27MPa for an anchorage 
length of 5 diameters. A similar reaction was also observed for 12mm and 14mm 
diameter bars, where a decrease from 3 to 4 diameters represented 14% for 12mm 
bars and 5% for 14mm bars. The use of anchorage lengths of 4Ø and 5Ø also implied 
a decrease but lower than the previous cases, of only 3% for 12mm bars and 1% for 
14mm bars.  
Figure 4-22 shows that in all cases, the bond-slip curve features a first part in 
which the bond strength increases while the slip presents low values. This reaction is 
observed until approximately 40-60% of the maximum bond strength is reached, 
followed by an increase in slip, more exponential than the bond strength. The bond 
strength value providing such influence does not seem affected by the anchorage 
length used for the 3 lengths, varying from 43% from the final strength value for 3Ø to 
61% for 4Ø and respectively 54% for 5Ø.  
0 1 2 3 4
0
5
10
15
20
25
30
SCC 1 - Φ10
 ld=3d
 ld=4d
 ld=5d
Slip  [mm]
 
B
o
n
d 
s
tr
en
gt
h 
N/
m
m
2 ]
 
0 1 2 3 4
0
5
10
15
20
25
30
SCC 1 - Φ12
 ld= 3d
 ld= 4d
 ld= 5d
Slip  [mm]
 
B
o
n
d 
s
tr
en
gt
h 
[N
/m
m
2 ]
 
 
0 1 2 3 4
0
5
10
15
20
25
30
 ld = 3d
 ld = 4d
 ld = 5d
SCC 1 - Φ14
Slip  [mm]
 
B
o
n
d 
s
tr
e
n
gt
h 
[N
/m
m
2 ]
 
 
Chapter 4 : Experimental determination of SCC bond  
113 
 
Figure 4-22 Bond-slip strength relation for SCC1 
Table 4-19 also demonstrates that no influence occurs on the ultimate slip when 
increasing the anchorage length, values ranging from 0.65mm to 1.24mm with an 
arithmetic mean of 0.97mm, but without observing a connection between these values 
and the anchorage length increase. 
 
 
Diameter influence  
 
 In case of ribbed bars (Figure 4-23) an ultimate bond strength decrease ranging 
from 1% to 14% was observed along with increasing bar diameter. This decrease, 
although small when comparing the 10 and 12mm diameters, seems to aggravate 
when the bar diameter is increased from 12 to 14mm.  
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Figure 4-23 Diameter influence for SCC1 
 
 Also, by increasing bar diameter, the ultimate slip recorded decreased for all 
anchorage lengths. The values recorded varied between 1.12 and 1.24mm for the 
10mm diameter, and reached 0.65mm for the 14mm diameter.   
 The above observations regarding ultimate slip cannot occur in the behaviour for 
low loading levels. Thus for a 0.01mm slip, a decrease in bond strength was observed 
along with increasing the bar diameter, which means that the actual slip for moderate 
levels rises along with a diameter increase. The strength value for all 3 anchorage 
lengths for the 10mm diameter ranged from 10.5MPa for the 3d anchorage length and 
12.54MPa for the 5d anchorage length, while for the same anchorage length in the 
14mm diameter, only 6.8 MPa and respectively 6.7 MPa values were recorded 
When plain bars were used, it seems this strength decrease tendency for the 
ultimate bond strength along with the increase in diameter remained unchanged, the 
12mm bars tending to show increased bond strength up to more 22% than 10mm 
diameter bars. Aside from this observation, the ultimate slip associated with the 
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maximum strength also increased along with the increase in the diameter of bars used 
(Figure 4-24).  
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Figure 4-24 Bond-slip relations for SCC1 plain bars 
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II. Self-compacting concrete 2 – SCC2 
  Table 4-20 presents the fresh and hardened properties of self-compacting 
concrete SCC2. This concrete was designed to reach a higher class than SCC1 from a 
mechanical perspective, but subject to maintaining close fresh properties limits. 
Mix design 
SCC2 
Cement 
CEM I 
52.5R 
Limestone 
filler 
Sand 
0-4mm 
Coarse 
aggregate 
4-8mm 
Coarse 
aggregate 
8-16mm 
SP 
Sky500 
Water 
300 kg 240 kg 880.2 kg 244.5 kg 505.3kg 6.7kg 180liter 
Fresh properties Hardened properties 
SCC2 
Abrams 
Cone 
mm 
V funnel 
Sec 
L Box 
- 
Segregation 
resistance 
% 
days 
fcm.cube 
MPa 
fct.fl 
MPa 
fct.sp 
MPa 
694 13 0.853 15.11 7 
52.1 6.2 3.5 
28 57.3 7.1 4.1 
. Table 4-20 SCC2 concrete properties 
 
SCC2 Results Failure mode 
Bar type Diameter 
Anchorage 
length 
ld 
τ 
MPa 
SD 
MPa 
τ 
MPa 
SD 
MPa 
su 
mm 
SD 
MPa 
S D 
R
ib
be
d 
ba
rs
 
Pe
rp
en
di
cu
la
r d
ire
ct
io
n 
Ø10 
3Ø 26.63 1.34 20.52 4.36 1.19 0.50 3 0 
4Ø 27.24 0.87 20.25 3.37 1.05 0.18 3 0 
5Ø 26.15 1.96 19.14 2.88 1.25 0.06 3 0 
Ø12 
3Ø 24.77 1.59 17.87 3.24 0.70 0.12 3 0 
4Ø 24.83 1.38 16.31 1.47 0.87 0.18 3 0 
5Ø 25.46 0.93 18.42 2.23 0.74 0.33 2 1 
Ø14 
3Ø 20.75 1.83 14.38 2.77 0.71 0.04 3 0 
4Ø 19.10 0.79 12.16 0.69 0.91 0.16 2 1 
5Ø 23.18 0.40 - - 0.41 0.27 0 3 
Lo
ng
itu
di
na
l 
di
re
ct
io
n LD1 
Ø10 3Ø 32.56 1.40 16.74 1.55 0.86 0.24 3 0 
Ø14 3Ø 33.61 1.05 21.79 0.23 0.63 0.10 3 0 
LD2 
Ø10 3Ø 33.82 1.11 19.31 1.54 0.32 0.01 3 0 
Ø14 3Ø 30.54 1.29 23.31 3.26 0.56 0.05 3 0 
Plain 
bars 
Ø10 5Ø 6.82 1.32 5.97 0.67 0.43 0.07 2 0 
Ø12 5Ø 7.78 0.39 5.94 0.36 2.34 0.11 3 0 
Table 4-21 SCC2 bond and ultimate slip strengths 
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 Aside from the elements made for SCC1, SCC2 implied the casting of additional 
elements whose casting direction was the longitudinal direction of the reinforcement 
bar. Table 4-21 provides results obtained for the tested elements. The LD1 and LD2 
notations refer to the casting direction along the bar, LD1 representing the longitudinal 
casting direction for which the force orientation was the same as the casting direction 
and LD2 referring to the elements where the force orientation was opposite the 
concrete casting direction.  
 
Initial observations: 
• Similar to SCC1, the test was ceased for the 14mm bars when reaching a slip of 
2mm subject to it previously having reached the maximum bond strength. However, 
note that for elements with an anchorage length equal to 5 diameters, cube splitting 
failure occurred prior to meeting the aforementioned prescriptions. As may be observed 
from Figure 4-27, element failure occurred at a mean slip of 0.27mm. More precisely 
each individual element recorded a slip of 0.22mm, 0.60mm, while for element number 
3, the failure occurred at a reinforcement slip of less than 0.01mm.   
 
 
Figure 4-25 Cube failure by splitting, Ø14 with ld=5d 
 
• For all elements made with smooth bars, the recorded failure was of pull-out type. 
However, note the fact that one element for the 1-mm bars showed an abnormal 
strength variation, recording a maximum value of approximately 3.6 MPa for a 4.2mm 
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slip, followed by a constant value range and then by a strength increase up to 4.56MPa 
for a 10.2mm slip. Due to this behaviour, the results obtained for this element shall not 
be considered for future analyses.  
 
• The maximum strength of a LD2-d14 series cube was reached at a slip lower than 
0.01 mm, followed by a sharp reinforcement pull-out, but without observing the cube 
splitting thereof. Due to this behaviour, the slip associated with this element shall not be 
considered in future analyses (In Figure 4-26 S2 represents SCC2).  
 
 
Figure 4-26 Longitudinal casting direction  
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Anchorage length influence 
Figure 4-27 shows the mean curves for 3 tested elements, obtained for the 
perpendicular casting direction. The diagrams provide the results for ribbed bars with 
10, 12 and 14mm diameters for all three anchorage lengths used.  
In case of 10mm bars, the difference between the 3d and the 4d anchorage length 
is only 2% and between 4d and 5d is 4%. As can be observed from Figure 4-27, the 
diagrams overlap up to a value of approximately 15MPa, after which the slips show a 
different increase for each individual anchorage length.  
In case of Ø12 bars a clear influence of the anchorage length is noted. The Length 
diagrams for the 3d and 4d anchorage lengths being practically overlapped while 5d is 
greater than both, with an increased value of maximum strength of only 3% from 
24.7MPa for 4d to 25.45MPa for 5d.  
This behaviour seems to also occur for 14mm bars, the differences between the 
bond strength for the 3 anchorage lengths being of 9% when 3d and 4d are compared, 
yet the 5d anchorage length again tends to feature greater strengths than both lengths 
previously mentioned.  
Thus we may conclude that SCC2, similar to SCC1 shows a decrease in bond 
strength along with an increase in anchorage length, yet this decrease is lower, not 
exceeding 9%, while the decrease for SCC1 reached a value of 15%.  
 In terms of slip, both ultimate as well as initial, they do not seem influenced by the 
alteration in anchorage length, showing relatively close values in all cases and showing 
no tendency of anchorage length influence.  
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Figure 4-27 Bond strength-slip relations for SCC2 
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Diameter influence  
 
Figure 4-28 provides the maximum strengths recorded for the perpendicular 
casting direction in case of both ribbed bars with 10, 12 and 14mm diameters and plain 
bars with 10 and 12mm diameters. A similar behaviour to SCC1 may also be observed 
for SCC2, where the behaviour of the two reinforcement types varies significantly.  
Plain bars with 12mm diameters showing both bond strength and ultimate slip 
greater than the 10 mm diameter bars. The differences reach 13% for the ultimate 
strength and more, approximately 5, 6 times greater for ultimate slip.  
The trend is reversed for ribbed bars, with decreased ultimate strengths along with 
an increase in bar diameter. This reaction may be observed for all three anchorage 
lengths, with the variation ranging from 7 to 16% for the 3d anchorage length, 9 to 13% 
for the 4d and 3 to 9% for the 5d length. 
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Figure 4-28 Diameter influence – perpendicular direction 
 
 As could be observed for SCC1, Figure 4-27 shows that, also for SCC2, along with 
a diameter increase, the bond strength from which the curve change the angle (slip 
increase faster) is decreasing with the diameter increase. For a better exemplification 
the bellow figure (fig. 4-29) represents a magnification of the first part of the graphs 
presented in the Figure 4-27.  
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  From this figures we can observe that for a 0.01mm slip, the 3d strength 
decreases from aprox. 14 MPa for Ø10 to 9.0MPa for Ø14, with an even greater 
difference observed for the 4d length, where the strength dropped from 14MPa for Ø10 
to 4.0MPa for Ø14. This phenomenon may be attributed to the air voids formed under 
the reinforcement bars, which tend to be smaller under smaller diameter bars, with a 
diameter increase creating the possibility of forming higher air voids and eventually 
leading to lower strength and greater initial slips.  
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Figure 4-29 Bond strength-slip relations for SCC2 (first part of the fig. 4-27) 
 
In terms of ultimate slip, these seem to show a reverse variation to the ones 
recorded for moderate load levels. If we look in Table 4-21, we can note that the 
elements showed a 17% decrease for 3d anchorage lengths, 14% for Id=4d and 68% 
for ld=5d along with a diameter increase from 10mm to 14mm. This behaviour is 
caused by the decreased influence of air voids under the reinforcement bars and a 
substantial increase in the influence of reinforcement geometrical characteristics. The 
main characteristics influencing ultimate slip being rib height and distance, which, as 
may be seen in Table 4-15 vary significantly from one diameter to another.  
This statement seems to also be upheld by the behaviour observed for the 
longitudinal casting direction for which the strengths recorded for a 0.01mm slip rose 
along with the increase in bar diameter from 10 to 14mm due to the lack of air voids 
under the reinforcement bars, yet the ultimate slips were also diminished. Additional 
details may be found in the following paragraph.  
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Influence of casting-testing direction 
 
As noted above, this concrete (SCC2) also implied the construction of elements 
whose casting direction was in the longitudinal direction of the reinforcement. According 
to the literature studies [19] these elements show a higher  bond strength due to 
elimination of the concrete settlement effect under the reinforcement bar thus resulting 
two casting positions: perpendicular and longitudinal relative to the reinforcement bar. It 
should be noted that the longitudinal casting direction may also feature mechanical 
characteristic differences from the upper to the lower part of the ribs. Thus, 2 testing 
modes may be defined: similar and opposite to the casting direction.  
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Figure 4-30 Influence of the casting-testing direction, SCC2 
 
Figure 4-30 shows the variation of ultimate bond strength and slip while Figure 4-31 
represents the bond strength recorded for a 0.01mm slip depending on the casting and 
testing direction. Aside from these values, the diagrams also contain the standard 
deviation determined from the arithmetic mean of results for the three identical 
elements tested for each parameter. 
 In the Figure 4-31 it can be observed that a quite significant difference may occur 
between the two casting directions. The ultimate bond strengths are increased for 
10mm bars from 26.6MPa for the perpendicular casting direction to 32.56MPa for LD1 
and even 33.8MPa for LD2. The same behaviour may also be observed for 14mm bars, 
with an even higher difference recorded, from 22.7MPa for the perpendicular direction 
to 33.6MPa for LD1 and 30.5MPa for LD2. However, a difference between the two 
testing modes used for the longitudinal casting direction could not be observed. In case 
of 10mm diameter bars LD1, a greater strength than LD2 was recorded, but this 
behaviour changed for the Ø14-LD2 bars, which this time showed a greater strength, 
and the coefficient of variation for both diameters was approximately 10%.  
This bond strength decrease phenomenon for the perpendicular casting direction is 
due to eliminating the risk of water accumulation under the reinforcement bars, which 
can eventually turn into air voids. When force is applied to the reinforcement bar these 
air voids allow the occurrence of greater initial slip for lower force levels. The 
phenomenon may also be observed in Figure 4-31. If we were to consider the strength 
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recorded for the 0.01mm slip of a bar, one may observe that for both bar types, the 
strengths tend to increase when the casting direction is changed, differences reaching 
20% in case of Ø10 LD1 bars. This behaviour represents a confirmation of air voids 
presence under the reinforcement bars for the perpendicular casting direction, which 
led to lower strengths for lower loading levels. 
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Figure 4-31 Initial strengths and ultimate slips for PD-LD1-LD2 
 
Also note that along with altering the testing direction, the bond strength is 
increased from 12.1MPa for Ø10-LD1 to 14.2MPa for Ø10-LD2, with an even higher 
difference recorded for Ø14 bars, respectively from 10.1MPa for LD1 to 15MPa for 
LD2. These results also show a difference in mechanical properties for the upper and 
lower side of bar ribs which can influence bond strength, especially the initial one.  
It seems that the phenomenon previously presented for low loading levels affects 
ultimate slip too. As can be seen from Figure 4-30, these have a tendency to decrease 
by 28% for 10mm bars in case of LD1 and even 84% in case of LD2. The same 
behaviour is observed for 14mm bars, but the differences are reduced for LD1 to 13% 
and to 22% for LD2.   
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III. Self-compacting concrete 3 – SCC3 
The composition of SCC3, fresh properties as well as the hardened properties is 
showcased in Table 4-22. 
Mix design  
SCC3 
Cement 
CEM I 
52.5R 
Limestone 
filler 
Sand 
0-4mm 
Coarse 
aggregate 
4-8mm 
Coarse 
aggregate 
8-16mm 
SP 
Sky500 
Water 
350 kg 190 kg 880.2 kg 244.5 kg 505.3 kg 7.0 kg 180 L 
Fresh properties Hardened properties 
SCC3 
Abrams 
Cone 
mm 
V funnel 
Sec 
L Box 
- 
Segregation 
resistance 
% 
days 
fcm.cube 
MPa 
fct.fl 
MPa 
fct.sp 
MPa 
700 18 0.924 9.15 
7 63.5 6.3 3.8 
28 70.2 8.1 4.4 
Table 4-22 SCC3 concrete properties 
 
SCC3 Results Failure mode 
Bar 
type 
Diameter 
Anchorage 
length 
τ 
MPa 
SD 
MPa 
τ 
MPa 
SD 
MPa 
su 
mm 
SD 
MPa 
S D 
R
ib
be
d 
ba
rs
 
Pe
rp
en
di
cu
la
r d
ire
ct
io
n 
Ø10 
3Ø 30.29 0.44 19.26 2.56 0.81 0.20 3 0 
4Ø 28.89 1.73 22.97 4.97 0.88 0.10 2 1 
5Ø 25.68 2.27 15.35 2.13 1.63 0.09 3 0 
Ø12 
3Ø 29.83 0.86 19.45 3.21 0.94 0.15 3 0 
4Ø 27.99 2.45 18.25 1.64 1.09 0.20 0 3 
5Ø 26.22 0.96 19.61 4.49 0.64 0.39 1 2 
Ø14 
3Ø 27.83 3.17 - - 0.17 0.59 1 2 
4Ø 27.43 0.38 22.01 2.69 0.14 0.60 1 2 
5Ø 21.85 0.56 - - 0.09 0.16 0 3 
Lo
ng
itu
di
na
l 
di
re
ct
io
n LD1 
Ø10 3Ø 47.60 1.43 27.26 2.83 1.16 0.23 5 1 
Ø14 3Ø 45.39 0.14 - - 0.15 0.05 - - 
LD2 
Ø10 3Ø 47.26 0.04 36.39 7.42 1.15 0.03 3 0 
Ø14 3Ø 45.65 0.19 - - 0.05 0.01 - - 
Plain bars 
Ø10 5Ø 5.24 0.27 3.99 0.73 1.84 1.07 3 0 
Ø12 5Ø 8.25 0.72 5.83 0.05 1.74 0.49 3 0 
Table 4-23 SCC3 bond strengths and ultimate slip 
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Similar to the case of SCC2, elements for SCC3 were also produced using the 
perpendicular and longitudinal casting direction relative to the reinforcement bar. 
Ribbed bars with diameters of 10, 12 and 14mm were used for the perpendicular 
direction, each of this implying the use of 3 anchorage lengths (3d, 4d, 5d). Two plain 
bar diameters (10 and 12mm) were also used, the anchorage length being equal to 5 
diameters. The two casting directions, LD1 and LD2, were used for the longitudinal 
casting direction displayed above for the 10mm and 14mm bars, the anchorage length 
used being 3 diameters. An overview of results obtained is provided by Table 4-23.  
 
Initial observations: 
• In case of 140mm side cubes, due to the diameter and higher forces implied for all 
elements, the manner of failure was by cube splitting at a very low slip level, around the 
value of 0.1-0.2mm.  
• 6 elements were tested for the LD1-Ø10 casting direction, 4 of them failed by 
reinforcement pull-out while a transversal crack was observed for the other two upon 
completing the element testing process. We may thus consider that a splitting tendency 
has occurred. However, the predominant manner of failure remained the reinforcement 
pull-out. 
 
Figure 4-32 LD1-Ø10 element cracking 
• Particular for SCC3, when using Ø14 bars for both LD1 and LD2, a reinforcement 
yield was observed for reinforcement slips of 0.15mm for LD1 and only 0.01mm for 
LD2. When this behaviour occurred, the test was stopped.  
 
Figure 4-33 Reinforcement yield for Ø14 
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Anchorage length influence 
 
Figure 4-34 shows the average bond strength-slip diagrams obtained as a result of 
tests conducted for elements in case of SCC3 concrete. The diagrams show the bond 
strength-slip relation obtained for the three anchorage lengths used for each individual 
diameter.  
As noted in the previous cases, SCC3 also shows a tendency to decrease the 
ultimate bond strength along with an increase in anchorage length. However in this 
case the influence seems clearer than for SCC2. For all three diameters the maximum 
bond strength was reached while using an anchorage length equal to 3 bar diameters. 
In case of Ø10 bars this strength recorded 30.3MPa, 5% greater than for 4d and 15% 
compared to 5d. The same behaviour was also recorded for Ø12, with a bond strength 
of 29.8MPa, 7% higher than the one recorded for a 4d anchorage length and 14% 
higher than the one recorded for 5d, while in case of Ø14, a strength of 27.8MPa was 
shown, only 2% higher than the one recorded for 4d, but 11% higher than the one 
recorded for 5d. Thus we may conclude that along with the increase in anchorage 
length by one bar diameter, the ultimate strengths were decreased by percentages 
reaching 15%.   
Furthermore, if we refer to the ultimate slip, the former does not seem to be 
correlated with the anchorage length.  
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Figure 4-34 Bond-slip strength relation for SCC3 
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Bar diameter influence 
 
As in the case of SCC1 and SCC2, the situation for SCC3 in case of plain bars is 
that along with an increase in bar diameter from 10 to 12mm, the strength was 
increased this time even more significantly, reaching a difference between ultimate 
bond strengths of 36%. Furthermore, the ultimate slips corresponding to such strengths 
are also increased, reaching 1.84mm for Ø10 and 1.74mm for Ø12. However, as may 
be seen from Figure 4-35, the strengths actually recorded a slight increase after 
reaching a slip of 0.5-1mm. Upon reaching these levels of slip, the differences became 
minor and the variation was almost constant.  
On the other hand, if we study the ribbed bars, the same figure shows that along 
with increasing the diameter from 10 to 12 and then to 14mm, the ultimate bond 
strengths dropped in most cases. The differences between the strengths recorded for 
the three diameters seem closer for all anchorage lengths used. Depending on the 
anchorage length, the variation recorded from Ø10 to Ø14 was 9% for 3d, 6% for 4d 
and a little higher for 5d, reaching 14%.  
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  (b) Ribbed bars      (c) Plain bars, d=12 and 14mm 
Figure 4-35 Diameter influence for the SCC3 perpendicular direction 
 
 If we look at Figure 4-34, we can observe that along with the increase in diameter, 
the strength for which the slip bar begins to change variation into an exponential one 
decreases. This variation is observed especially when comparing Ø10, for which the 
recorded bond strength was 10MPa, with Ø14, for which the strength value was only 
5MPa. This observation seems to also exert an effect on the ultimate slip. If we were to 
compare the slip obtained for the three diameters, a decrease tendency hereof may be 
observed, especially for the 14mm diameters, the differences between 10 and 12mm 
being slightly smaller 
 As noted for SCC1 and SCC2, along with the increase in diameter, a tendency to 
change the manner of failure occurred from reinforcement pull-out to cube splitting. 
This behaviour may be observed in Figure 4-34, especially for 14mm diameter bars for 
which a splitting type failure was recorded in case of all three anchorage lengths.  
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Influence of the casting-testing direction 
  
 As was the case for SCC2, SCC3 elements were also tested to determine the 
influence of casting direction on the bond strength. Figure 4-36 displays the ultimate 
bond strength recorded for the perpendicular casting direction marked PD, and for the 
two cases for the longitudinal casting direction, testing in casting direction (LD1) and 
opposite the casting direction (LD2). Similar to SCC2, SCC3 also shows a difference of 
bond strength and slip recorded for the two casting directions. These differences are 
obvious for both the Ø10 bars, where ultimate strength increases of 37% were recorded 
for LD1 and 36% for LD2 as well as for Ø14 bars, where the differences actually 
reached 39% for both testing direction. This strength increase may also be observed in 
Table 4-23. If we compare the characteristic strength for Ø10 bars, the differences are 
26%, from a 19.26MPa value for PD to 26.2MPa for LD1 and reach an actual increase 
of 48%, up to 36.39MPa, for LD2.  
In terms of testing direction there seem to be minor differences between the two 
directions for the longitudinal casting direction, variations for both diameters being 1-
2%.  
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Figure 4-36 Casting-testing direction influence for SCC3 
 
 As previously stated, this increased bond strength for the longitudinal casting 
direction tends to occur due to a decrease in air voids at the surface contact between 
concrete and reinforcement. This statement may also be observed in Figure 4-37 for 
the strength recorded for a bar slip of 0.01mm, where a higher strength actually reflects 
smaller slip for the same load. The difference between the perpendicular and 
longitudinal casting directions is clear, observing the same tendency as above.  
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Figure 4-37 Strengths and slips depending on the casting-testing direction 
 
 Unlike SCC2, the initial behaviour in case of SCC3 does not seem to influence the 
ultimate slip. Greater slip values were recorded for the 10mm bars for the longitudinal 
direction than for the perpendicular one. Moreover, as can be seen in Figure 4-37, the 
ultimate slips for Ø14 bars are lower for LD2, even reaching 0.05mm. This is due to the 
reinforcement yield for the elements with a longitudinal casting direction. Thus, the test 
could not be continued to determine the ultimate slip resulting from a splitting or pull-out 
type failure.   
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IV. Self-compacting concrete 4 – SCC4 
 
The composition of SCC4, the fresh properties as well as hardened properties are 
showcased in Table 4-24. 
Mix design  
SCC4 
Cement 
CEM I 
52.5R 
Limestone 
filler 
Sand 
0-4mm 
Coarse 
aggregate 
4-8mm 
Coarse 
aggregate 
8-16mm 
SP 
Sky500 
Water 
410 kg 130 kg 880.2 kg 244.5 kg 505.3 kg 7.4 kg 
180 
litres 
 
Fresh properties Hardened properties 
SCC4 
Abrams 
Cone 
mm 
V funnel 
Sec 
L Box 
- 
Segregation 
resistance 
% 
days 
fcm.cube 
MPa 
fct.fl 
MPa 
fct.sp 
MPa 
708 14 0,895 11.24 
7 71.3 6.8 4.3 
28 77.8 8.9 4.7 
Table 4-24 SCC4 concrete properties 
 
Due to its higher design strength and risk of elements failing by splitting, it was 
decided to cast fewer elements than for previous concretes. Only elements with a 
perpendicular casting direction and a single anchorage length of 5 diameters were 
casted. The types of bars and diameters used were maintained, using diameters of 10, 
12 and 14mm for ribbed bars and 10 and 12mm diameters for plain bars with a 
constant anchorage length of 5 diameters.  
SCC4 Results Failure mode 
Bar 
type 
Diameter 
Anchorage 
length 
τ 
MPa 
SD 
MPa 
τ 
MPa 
SD 
MPa 
su 
mm 
SD 
MPa 
S D 
Ribbed 
bars 
Ø10 5Ø 28.63 0.69 18.71 3.76 1.01 0.28 3 0 
Ø12 5Ø 26.03 0.79 - - 0.23 0.14 0 3 
Ø14 5Ø 27.38 0.10 - - 0.16 0.28 0 3 
Plain 
bars 
Ø10 5Ø 10.29 1.51 8.81 1.97 0.4 0.5 3 0 
Ø12 5Ø 8.56 2.31 6.38 1.06 1.45 1.13 3 0 
Table 4-25 SCC 4 bond strength and ultimate slip 
 
Initial observations: 
• All elements with a Ø10 reinforcement failed by cube splitting around a slip value 
of 0,8÷1,2mm, but the failure occurred somewhat differently as the maximum bond 
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strength for the Ø15-5d-2 element was recorded around the slip value of 0.8mm, and 
the splitting occurred at a value of 1.15mm. 
 
Figure 4-38 Manner of failure for elements with a 10mm reinforcement 
 
• In case of Ø12 reinforcement elements, all elements featured a splitting failure, but 
different from the one recorded for 100mm side cubes in the fact that this failure 
occurred for a much lower reinforcement slip.  
 
• Furthermore, the elements which incorporated 14mm bars recorded a similar 
behaviour to 12mm bars, all elements failing by cube splitting around a slip value of 
0.1mm.  
 
Figure 4-39 Manner of failure for d=14mm reinforcement cubes 
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Diameter influence  
 
Figure 4-40 shows the average bond strength-slip diagrams for ribbed bars 
obtained from element tests performed for SCC4. Although all elements failed by 
element splitting, the manner of failure was quite different. Failure for Ø10 bars 
occurred after a slip exceeding 1.00mm, while for 12 or 14mm diameter bars it occurred 
for much lower slip values. Showing that the state of tension stress in the element is 
proportional with the bar diameter. 
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Figure 4-40 Bond strength slip relation, SCC4 
 
The ultimate strength recorded has the same decreasing tendency upon increase 
of bar diameters, but a lower decrease, of only 8% for 12mm bars and 4% for 14mm 
bars. In fact, all elements may be considered to have failed at a maximum strength of 
26-28MPa. However, a difference response was observed for the ultimate slip, the 
latter showing a decreasing tendency along with the diameter increase The difference 
between recorded slip for the three diameters being significant, from 1.01mm for Ø10 to 
0.23mm for Ø12 and only 0.07 for Ø14mm.  
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Figure 4-41 Bond strength-slip relation, SCC4 plain bars 
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A behavioural change was recorded for plain bars, unlike the other concretes, a 
strength decrease was observed for SCC4 along with the increase in diameter from 
10mm to 12mm. The difference between bond ultimate strength was 17%, from 
10.3MPa for Ø10 to 8.56MPa for Ø12. Higher ultimate slip values were recorded for 
both diameters used, but as can be observed in Figure 4-41 these behaviour arrived 
most probably due to mobilisation of the mechanical bond between the cement paste 
and the irregularities on the surface of the. In fact, the ultimate slip in both cases may 
be considered to have implied a low variation after exceeding 0.3mm for Ø10 and 1mm 
for Ø12.  
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V. Vibrated concrete 1- VC1 
 
Concrete composition, fresh properties as well as hardened properties are 
presented in Table 4-26. 
 
Mix design  
VC1 
Cement 
CEM I 
52.5R 
Limestone 
filler 
Sand 
0-4mm 
Coarse 
aggregate 
4-8mm 
Coarse 
aggregate 
8-16mm 
SP 
Sky500 
Water 
300 kg - 570.5 kg 489 kg 570.5 kg 2.4 kg 
135 
litres 
 
 
Fresh properties  Hardened properties 
VC1 
Abrams Cone 
mm 
Testing 
days 
fcm.cube 
MPa 
fct.fl 
MPa 
fct.sp 
MPa 
70 
7 44.5 5.2 3.3 
28 54.3 6.5 4.3 
Table 4-26 VC1 concrete properties 
 
In case of VC1 3d and 4d anchorage lengths were tested for all three diameters 
(10mm, 12mm, and 14mm). Moreover, elements with embedded plain bars with 10 and 
12mm diameters were also tested. Table 4-27 shows the results obtained which refer to 
the ultimate characteristic bond strength, and ultimate slip. 
 
VC1 Results Failure mode 
Bar 
type 
Diameter 
Anchorage 
length 
τ 
MPa 
SD 
MPa 
τ 
MPa 
SD 
MPa 
su 
mm 
SD 
MPa 
S D 
Ribbed 
bars 
Ø10 
3Ø 24.77 0.08 17.24 3.19 0.68 0.19 3 0 
4Ø 24.19 1.02 15.12 3.84 0.73 0.21 2 1 
Ø12 
3Ø 22.15 0.92 12.87 2.76 0.74 0.34 3 0 
4Ø 20.46 0.65 13.47 1.07 0.53 0.19 0 3 
Ø14 
3Ø 18.58 2.98 16.14 3.95 0.45 0.16 3 0 
4Ø 20.76 0.71 15.23 3.02 0.45 0.27 0 3 
Plain 
bars 
Ø10 5Ø 4.74 0.194 4.19 1.12 0.57 0.10 3 0 
Ø12 5Ø 6.50 1.11 5.24 1.64 0.54 0.17 3 0 
Table 4-27 VC1 bond strengths and ultimate slip 
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Initial observations: 
• In case of elements made with Ø10 concrete bars, for elements with a 3d, 30mm 
anchorage length, failure occurred by reinforcement pull-out for all 3 cubes, no cracks 
appearing on the cube surface. Elements with a 4d anchorage length featured a 
tendency to alter the manner of failure, one of the 3 elements showing a cube crack 
following the test.  
 
• Similar to the aforementioned elements, for Ø12mm bars in case of cubes with a 
3d anchorage length, failure occurred through reinforcement pull-out. Elements with a 
4d anchorage length however, showed a splitting tendency.  
 
• Furthermore, the behaviour of Ø14mm bars was similar to the aforementioned 
elements. The elements with a 3 diameter anchorage length being subjected to a 
failure by reinforcement pull-out, while for elements with a greater length (4d), one of 
the cubes was split, while the other 2 presented cracks.  
 
 
Figure 4-42 Manner of failure for VC1 elements 
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Anchorage length influence 
 
Figure 4-22 displays the average bond strength-slip diagrams obtained from the 
tests conducted on elements made for the VC1 concrete. We may again observe that 
along with the alteration of anchorage length, the ultimate bond strength was 
decreased, yet the differences for Ø10 and Ø12 bars are small, not exceeding 10%. In 
case of Ø14 bars, variation was opposite, along with an increase in anchorage length, 
the bond strength also increased.  
 
0 1 2 3 4
5
10
15
20
25
30
35
VC 1 -φ 10
 ld=3d
 ld=4d
Slip  [mm]
 
B
o
n
d 
s
tr
en
gt
h 
[N
/m
m
2 ]
 
0 1 2 3 4
5
10
15
20
25
30
35
VC 1 - φ 12
 ld= 3d
 ld= 4d
Slip  [mm]
 
B
o
n
d 
s
tr
e
n
gt
h 
[N
/m
m
2 ]
 
 
0 1 2 3
5
10
15
20
25
30
35
 ld = 3d
 ld = 4d
VC 1 - φ 14
Slip  [mm]
 
Bo
n
d 
s
tr
en
gt
h 
[N
/m
m
2 ]
 
 
Figure 4-43 Bon strength-slip relation for VC1 
 
This VC1 doesn’t show an anchorage length influence on the initial behaviour 
either, both curves for the two anchorage lengths being overlapped in the first part until 
the moment when approximately 40-50% of the maximum bond strength was reached. 
Note that along with the anchorage length alteration, an element splitting tendency 
occurred, beginning by the appearance of cracks for the elements with embedded bars 
with 10mm in diameter and reaching complete cube splitting for those of 14mm.  
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Diameter influence for the bars used 
  
 Figure 4-44 shows the ultimate bond strength and ultimate slip recorded for ribbed 
bars. The figure also shows that for both anchorage lengths bond strength decreases 
were recorded along with an increase in diameter. The differences vary between 11-
15% if we were to compare the bond strength recorded for Ø12 to that recorded for 
Ø10 and between 1% and 6% in the case of Ø14 compared to Ø12. Also, Table 4-27 
shows that along with an increase in diameter, ultimate bond was decreased for most 
cases. An ultimate slip decrease along with a diameter increase may also be observed 
in Figure 4-44, ranging from 14-40%. The only exceptions are the bars with 12mm 
diameter and a 3 diameter anchorage length which showed a slip of 0.74mm, 9% 
greater than the one recorded for Ø10. 
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Figure 4-44 Diameter influence on strengths and ultimate slips 
 
 Variation for plain bars seems to be opposite from the one recorded for ribbed 
bars. Figure 4-45 presents the bond strength-slip curves recorded for plain bars. The 
behaviour is similar to that recorded for self-compacting concretes and the curves 
overlap initially until the force remains almost constant and bar slips start to increase 
exponentially.  
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Figure 4-45 Bond strength-slip relation, VC1 plain bars 
 
The ultimate bond strength is again higher for Ø12 bars for which a maximum 
strength of 6.5MPa was recorded, while for bars with an Ø10 diameter, only bond 
strength of 4.7MPa was recorded.   
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VI. Vibrated concrete 2- VC2 
Mix design  
VC2 
Cement 
CEM I 
52.5R 
Limestone filler 
Sand 
0-4mm 
Coarse 
Agg. 
4-8mm 
Coarse 
Agg. 
8-16mm 
SP 
Sky500 
Water 
350 kg - 570.5 kg 489 kg 570.5 kg 2.8 kg 135 litre 
 
Fresh properties  Hardened properties 
VC2 
Abrams Cone 
mm 
 fcm,cube 
MPa 
fct.fl 
MPa 
fct,sp 
MPa 
74 
7 days 60.5 6.7 4.3 
28days 72.1 7.8 4.9 
Table 4-28 SCC3 concrete properties 
 
VC2 Results Failure mode 
Bar 
type 
Diameter 
Anchorage 
length 
τ 
MPa 
SD 
MPa 
τ 
MPa 
SD 
MPa 
su 
mm 
SD 
MPa 
S D 
R
ib
be
d 
ba
rs
 
Pe
rp
en
di
cu
la
r d
ire
ct
io
n 
Ø10 
3Ø 29.69 1.10 19.58 1.32 0.82 0.01 3 0 
4Ø 27.96 1.29 15.17 1.82 0.84 0.18 1 2 
5Ø 26.38 0.54 15.54 2.22 0.78 0.29 1 2 
Ø12 
3Ø 29.85 2.07 20.50 2.20 0.46 0.08 3 0 
4Ø 26.17 0.38 19.73 3.52 0.45 0.05 2 1 
5Ø 26.91 0.99 19.48 3.52 0.57 0.11 1 2 
Ø14 
3Ø 24.70 2.07 - - 0.21 0.08 0 3 
4Ø 26.17 0.38 14.23 1.57 0.52 0.13 1 2 
5Ø 27.14 0.14 - - 0.14 0.92 0 3 
Lo
ng
itu
di
na
l 
di
re
ct
io
n LD1 
Ø10 3Ø 35.73 4.01 18.44 1.25 1.32 0.15 3 0 
Ø14 3Ø 33.13 2.85 17.76 2.35 1.20 0.92 3 0 
LD2 
Ø10 3Ø 40.7 3.78 27.46 3.21 0.59 0.29 2 1 
Ø14 3Ø 73.87 2.65 25.04 4.56 1.25 0.68 3 0 
Plain 
bars 
Ø10 5Ø 9.44 0.66 4.84 2.01 1.37 1.63 3 0 
Ø12 5Ø 9.87 0.91 5.94 0.36 2.34 0.11 3 0 
Table 4-29 VC2 vibrated concrete results 
 
Similar to SCC2 and SCC3, VC2 elements were also produced using the 
perpendicular and the longitudinal casting direction relative to the reinforcement bar. 
Ribbed bars with diameters of 10, 12, and 14mm were used for the perpendicular 
Chapter 4 : Experimental determination of SCC bond  
138 
 
casting direction, each of these being subjected to the use of 3 anchorage lengths (3d, 
4d, 5d). 2 diameters for plain bars (10 and 12mm) were also used, their anchorage 
length being 5 diameters. 2 casting directions were used for the longitudinal casting 
direction, LD1 and LD2 respectively, showcased above for the 10mm and 14 mm bars, 
the anchorage length used being 3 diameters. An overview of results obtained is 
presented in Table 4-23.  
 
Initial observations: 
• In the case of Ø10 bars with an anchorage length of 4Ø and 5Ø, cracks occurred 
on the surface of 4 of the 6 cubes tested, without, however, observing a cube complete 
splitting failure.  
 
• In case of 14mm bars, due to the high forces reached and due to the risk of 
sudden element failure, the test was stopped immediately after reaching the maximum 
bond strength with the displacements recorded not exceeding 1.00mm. Most elements 
failed by cube cracking, which in case of higher displacements would have led to the 
splitting thereof. 
 
 
  (a) Ø10mm         (b) Ø14mm 
Figure 4-46 Manners of failure for VC2 
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Anchorage length influence 
 
Figure 4-22 shows the average strength-slip diagrams obtained following the tests 
for elements made from VC2 concrete. 
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Figure 4-47 Strength-slip relation for VC2 
  
Similar to previously tested concretes, Figure 4-47 reveals that along with an 
increase in anchorage length, the maximum bond strength recorded tends to drop. 
For the Ø10 diameter the bond ultimate strength was decreased along with the 
increase in anchorage length, by a 6% percentage, both when the length was 
increased from 3d to 4d and when it was increased from 4d to 5d. Yet this behaviour 
was not noted in case of Ø12 and Ø14mm bars. When the length was increased from 
3d to 4d, a decrease of 13% and respectively 6% for Ø14 was recorded for these 
diameters. However, for elements with a 5d anchorage length, for both diameters, an 
increase in ultimate bond strength of 3% and respectively 16% was observed.  
The same behaviour occurred for low loading levels where the bond strength 
determined for elements embedding Ø10 bars, for a bar slip of 0.01mm, recorded a 
decreasing tendency along with the increase in anchorage length. 
In terms of the ultimate slip recorded, Table 4-29 shows no visible influence of the 
anchorage length. A slip decrease tendency was observed for Ø10 and Ø14 bars along 
with the increase in anchorage length, yet for the 12mm diameter bars this tendency 
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was reversed, increasing. The differences occurred along with the increase in length 
are minor, having maximum values of 0.04-0.28mm for all 3 diameters. 
We may also observe an anchorage length influence on the manner of element 
failure. Along with an increase in length for all diameters, the cubes showed a tendency 
to change their manner of failure from reinforcement pull-out to cube splitting. This 
behaviour being also observed in Table 4-29 especially for 10 and 12mm diameter 
bars.  
 
 
Diameter influence  
 Figure 4-47 shows that along with an increase in diameter for VC2, the bond 
strength related to the moment when slips begin to rise exponentially is decreased. For 
example, in case of the Ø10 diameter, its value is approximately 30% of the ultimate 
strength, while for Ø14 it reaches approximately 20% or even less. Moreover, along 
with the increase in reinforcement bar diameter Figure 4-48 shows that the ultimate 
strength recorded tends to drop. The differences, depending on the three anchorage 
lengths, vary from 0 to 9% when comparing Ø10 to Ø12 and a little higher, between 0% 
and 18% when comparing the ultimate bond strength associated with Ø12 and Ø14.   
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Figure 4-48 Bond strength, VC2 
  
 In addition to such observations, it seems that the diameter increase also 
influences the ultimate slip recorded. In Table 4-29 can be seen that along with a 
diameter increase, the ultimate slip tends to drop for all anchorage lengths tested. 
Variations are pretty high, from 0.82mm for Ø10 to 0.21mm for Ø14 for the 3d 
anchorage length, similar variations being observed for the other two lengths tested. 
This phenomenon may also occur due to diameter influence on the element manner of 
failure, observing, along with its increase, and especially for Ø14, an alteration in the 
manner of failure from reinforcement pull-out to element splitting.  
The aforementioned behaviour for ribbed bars seems to reoccur on this occasion 
for the plain bars too. Ø10 bars showing higher bond strength than the Ø12 diameter 
bars, while the ultimate slips were very close for the two diameters tested (Figure 4-48).  
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Influence of the casting-testing direction 
 
 Again when using the casting direction along the reinforcement bars, the ultimate 
strengths recorded were increased. Figure 4-49 shows that unlike self-compacting 
concrete, VC2 features a difference between the two testing directions used for the 
longitudinal casting direction.  
The increase in strength from the perpendicular direction ranged from 20 to 25% 
for LD1, reaching values of up to 45-67% for LD2.  
Furthermore, it may observed that when using LD2 the difference between the 
ultimate strengths recorded for the two diameters is decreased, only reaching 0.7MPa 
compared to 5mPa for the perpendicular direction. This fact may be due to the 
influence of pockets under the reinforcement bars, the actual self-supporting capacity of 
concrete being represented by LD2, while concrete settlement influence and bar size 
influence occurred for PD. A similar behaviour deriving from the aforementioned 
specifications may also be observed in Table 4-29 when the characteristic strengths 
are to be studied. Note that in case of PD and LD1, the differences between strengths 
is small, and upon using LD, the strengths were increased by over 40%. 
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Figure 4-49 VC2 strengths and ultimate slips 
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Figure 4-50 Initial bond strengths for VC2 
 The same statement seems to be observed if low loading levels are taken into 
account. Figure 4-50 displays the strengths recorded for a reinforcement bar slip of 
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0.01mm. The differences between the perpendicular and longitudinal casting directions 
and the testing direction in the casting direction are minor, yet for LD2 the differences 
become obvious, again reaching values of over 30%. Such great strengths represent, 
in fact, a smaller slip for the same moderate level of testing for LD2.  
 This influence of the casting-testing direction on the low loading level slips seems 
to only exert an effect on this level; the ultimate slip recorded even showing a reversed 
variation. Thus Figure 4-49 exemplifies a difference between the perpendicular casting 
direction and the longitudinal direction, the ultimate slips for the latter being increased 
in all cases by a percentage between 36 and 82%, with a decrease of 30%, from 
0.85mm for PD to 0.59 for LD2 only existing in case of Ø10-LD2.  
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4.3.3 Concrete type influence on the bond strength-slip relations 
 
 In order to observe a difference between the two types of concrete, we must make 
both an individual comparison for each concrete as well as a group comparison 
according to compressive strength for the concretes in the two series mentioned 
(Series 1 – SCC1, SCC2 and VC1; Series 2 – SCC3, SCC4 and VC2). We must also 
consider the issues relating to stresses recorded on the contact surface between the 
reinforcement bar and concrete and furthermore, such must be related to the slips 
associated thereto as well to the element manner of failure. All tested mixes showed an 
initial part of the bond strength-slip curve for which the bond strength increase and the 
slip remain at low values. After the bond strength reaches a value between 30% and 
50% of the maximum bond strength, the slip shows an exponential increase along with 
the increase in strength. 
 In terms of initial behaviour, for low loading levels, self-compacting concrete seems 
to show an improved behaviour compared to normal vibrated concrete, featuring 
smaller initial reinforcement slips. For example, if we were to quantify the force 
necessary for a 0.01 displacement of the reinforcement in the concrete matrix, in most 
cases, the reinforcement embedded in self-compacting concrete needed a greater 
force to reach this slip. Figure 4-51 shows the bond strengths recorded for bars with 
10mm diameter bars and anchorage lengths of 3, 4 and 5 diameters for the two 
concrete series. The differences are significant, especially for Series I, reaching a bond 
strength increase of 65% for SCC1 and even 74% for SCC2 relative to VC1. In case of 
Series II, differences seem to decrease, only recording 4% for SCC3 ld=3d and 26% for 
ld=5d. This bond strength increase tendency for a 0.01mm slip for the self-compacting 
concrete may be influenced by the phenomenon of concrete settlement under the 
reinforcement bars. This settlement tends to be smaller for self-compacting concrete 
[4], [109], [21] and it especially influences the initial reinforcement slips due to the small 
air voids formed under the reinforcement bars, with the possibility to implicitly lead to 
decreased initial slips.  
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Figure 4-51 Strengths associated with the s=0.01mm slip 
  
Chapter 4 : Experimental determination of SCC bond  
144 
 
 This behaviour appears to be specific to small slips, being visible until reaching a 
bar slip of approximately 0.1mm. Beyond this value, the bond strengths recorded for a 
certain bar slip in the case of SCC and VC seem to be quite close, not exceeding 15% 
for a slip of 0.25mm. Figure 4-52 displays the bond strength recorded for 0.01, 0.1 and 
0.25mm slip for the two series in case of an Ø10 diameter and a 4d anchorage length. 
The difference between the SCC an VC in case of Series 1 is noted to have decreased 
from 45-50% for a 0.01mm slip to just 8% for a 0.25mm slip (VC1 relative to SCC2). In 
case of VC1 relative to SCC1 a strength increase by 16% was observed when 
considering the 0.25mm slip. The same behaviour was also observed for the other 
diameters and anchorage lengths. The Ø10 diameter bars in Series 1 showed a 
strength average for all 3 anchorage lengths for SCC1 and SCC2 of 12.98MPa for 
0.01mm, 17.85MPa for 0.1mm and 21.13MPa for a slip of 0.25mm, while VC1 recorded 
a medium strength of 5.05MPa for 0.01mm, 17.13MPa for 0.1mm, reaching a value of 
21.91MPa for 0.25. For the other diameters, 12 and respectively 14mm, the behaviour 
was similar but the difference between bond strength was decreased along with the 
diameter increase. Thus, for the 12mm diameter, this difference ranged from 41% for 
0.01mm to 10% for 0.25mm. Furthermore, in case of the Ø14 diameter, differences of 
25% between SCC and VC were recorded for 0.01mm, reaching a difference of only 
5% for 0.25mm.  
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Figure 4-52 Bond strengths for Ø10 and ld=4d 
 
This phenomenon of decrease in the difference between SCC and VC when 
increasing the slip is due to the fact that the air voids play an important role in the 
“chemical adhesion phase” decreasing in the same time with the transition to the 
“wedging phase”, where the compressive strength plays a much more important role. 
As can be seen in Table 4-13 and Table 4-14, the compressive strength values for 
mixes in the same series are pretty close, finally leading to close values of ultimate 
bond strengths.  
In addition to these statements, although the compressive strength values are 
pretty close for the concretes in the two series, in most cases SCC tends to show an 
increased bond strength compared to VC. This response may be observed especially 
for SCC1 and SCC3 mixes, which feature a lower compressive strength than VC1 
respectively VC2, but resulted in an increased bond strength up to 21%.  
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This fact is presented in Figure 4-53, which displays the ultimate bond strength 
determined for all mixes for anchorage strength of 3 diameters. Aside from this general 
behaviour, the differences between SCC and VC in Series 1 appear to be higher than 
in Series 2. This behaviour seems to be determined by an increase in compressive 
strength of approximately 50MPa for Series 1 up to 70MPa for Series 2. For concretes 
in Series 2 the differences between the maximum bond strength for SCC and VC were 
≈10%, which represents a very close response between the two concrete types. As a 
conclusion, we can state that the difference between self-compacting concrete and 
vibrated concrete tends to be higher for low strength concretes and tends to disappear 
for high strength concretes, behaviour also noted in other experimental studies [110].  
Although the RILEM [108] specifications recommend the use of a 5 diameter 
anchorage length, in this case, as well as for ld=Ø4, especially for 14mm bars, splitting 
failure of elements occurred. This tendency was also noted in other studies which 
conducted similar tests [111]. This behaviour sometimes led to the impossibility of 
determining the characteristic strength (τ). If we don’t take into account the elements 
showing this behaviour and compare the bond strength characteristic for each mix, a 
similar behaviour to the one previously mentioned may be observed (the differences 
between concretes are higher for lower compressive strengths). The self-compacting 
concretes in Series I tend to feature higher characteristic strengths than VC (increase 
up to 55% in case of elements with 12 mm bar and embedded length of 3d). 
Furthermore, for the mixes of the second series, the differences between SCC and VC 
are inferior to 5% which indicates similar behaviour with respect to the characteristic 
and ultimate bond strength for SCC and VC in case of a compressive strength of 
70MPa 
The differences may have various causes especially regarding the composition of 
self-compacting concretes which contain an increased amount of powders. 
Consequently this leads to a greater filling capacity and less bleeding water, resulting in 
reduced water accumulation underneath the bars. In case of VCs, especially for VC1, 
the larger w/c ratio may increase the water content under the bars which has a 
negatively impact on the bond strength. Another important factor based on similar 
considerations is the mechanical properties of the interface zone between concrete and 
bars. Compared to vibrated concrete, the self-compacting concrete tends to show 
enhanced micro-mechanical properties around the reinforcement bar due to a higher 
uniformity of the interfacial transition zone (ITZ) of reinforcement and concrete [112]. 
Therefore this improvement of the mechanical-properties can lead to an increase of the 
bond strength for SCC when compared with VC. 
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Figure 4-53 The bond strength-slip relation for ld=3Ø 
  
 The ultimate slip (su) corresponding to the ultimate bond strength seems to be 
significantly higher for self-compacting concretes (increase of 41% to 141%). In this 
case, the difference between Series 1 concretes and Series 2 concretes seems to 
disappear, with no significant differences being recorded.  
 On the other hand, an element splitting tendency was noted. This tendency was 
more pronounced for both self-compacting concrete and normal vibrated concrete, in 
case of 14mm diameter bars, with the values recorded for such elements showing a 
high standard deviation. As a consequence, in order to perform correct assessments of 
ultimate slip presented for each concrete in Figure 4-54, it was decided to eliminate the 
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slips recorded for 14mm diameter bars. Thus, if the elements embedding Ø10 and Ø12 
reinforcements are assessed, one may observe a quite significant difference between 
vibrated concrete and self-compacting concrete, with the VC tending to show a 
decreased slip, up to 35% lower.  
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Figure 4-54 The slip corresponding to maximum strength 
 
 If we were to calculate a mean for the three anchorage lengths, the results would 
show the same decrease tendency for VC. The values recorded for Series 1 in case of 
10mm diameter elements were 0.99mm for SCC1, 1.16mm for SCC2 and only 0.71mm 
for VC1. The same variation, but with slightly smaller values, was also observed for the 
12mm diameter: 0.96mm for SCC1, 0.77mm for SCC2 and only 0.63mm for VC1. For 
Series2, things were slightly different due to the element splitting tendency, but again, 
the average values recorded for the 10mm diameter were 1.11mm for SCC3, 1.01 for 
SCC4 and 0.81 for VC2. In case of diameter Ø12, without considering the splitting 
elements, the recorded values were 0.89mm for SCC3 and 0.49mm for VC2.  
 As previously mentioned, the manner of failure in most cases for each concrete 
type was reinforcement pull-out. The splitting failure was only observed in some cases  
Table 4-30 shows a centralization of the tested elements contrasting in the same 
time the split elements. We can conclude that no differences between the modes of 
failure of SCC and VC were found. Most of the elements presented a pull-out failure. 
Only in a few cases, a splitting failure can be seen for larger diameters (14mm) and 
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embedded lengths of 4d and 5d. This phenomenon appeared in both types of concrete 
and no apparent differences could be observed.   
 
  Series I Series II 
  SCC1 SCC2 VC1 SCC3 SCC4 VC2 
φ 10 12 14 10 12 14 10 12 14 10 12 14 10 12 14 10 12 14 
3d 0 0 0 0 0 0 0 0 0 0 0 2 - - - 0 0 3 
4d 0 0 2 0 0 1 0 3 3 1 3 2 - - - 2 1 2 
5d 0 0 1 0 1 3 - - - 0 2 3 0 3 3 2 2 3 
Tot.split 0 0 3 0 1 4 1 3 3 1 5 7 0 3 3 4 3 8 
Tot.test 9 9 9 9 9 9 6 6 6 9 9 9 3 3 3 9 9 9 
% split 0 0 33 0 11 44 0 50 50 11 55 77 0 100 100 44 33 88 
Note: 
1.The number in the table represent the number of cubes having splitting failure 
2. Colours represent a gradient fill of the numbers.    
Table 4-30 Manner of element failure 
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4.3.4 Bar diameter influence 
 
Generally speaking, when the bar diameter is increased, the bond strength shows 
a tendency to decrease [19], [113] as observed in this study as well... As we can see 
from the previous pages for each concrete, in terms of ultimate bond strength, a 
difference occurs between the 4 mixes tested in the case of self-compacting concrete, 
even if their composition was relatively close. Thus, for SCC1 the differences between 
d=10mm and d=14mm range from 4 to 1%, for SCC2 from 7 to 42%, SCC3 from 1 to 
20% and for SCC4 from 4 to 10%. Furthermore, the variations for VC are 11-33% for 
VC1 and 1-20% for VC2. Note that the differences recorded are smaller for concretes 
with high compressive strengths. This behaviour may be due to a change in the manner 
of failure for certain elements, as the literature [18] specifies that the strengths 
occurring upon element splitting are smaller compared to those necessary for 
reinforcement pull-out.  
In order to better observe the influence of bar diameters, the compressive strength 
influence must be eliminated for both types of concrete. Literature [110], [111], [114], 
[112], [113] generally accepts that compressive strength exerts an influence on the 
bond strength equal to fc1/2. Thus, in order to eliminate the influence of compressive 
strength on the bond strength, we may initiate a comparison between the three 
diameters, both individual for each mix as well as general for all mixes, with a new term 
shown in equation 4.3 being defined and called the normalized bond strength (τ). As 
a conclusion, the determination of the normalized bond strength implies the elimination 
of compressive strength influence by dividing bond strength to the square root of the 
compressive strength. 
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 To obtain a more accurate image of strength variation depending on the diameter 
of bars used, Figure 4-55 shows a centralization of normalized strengths for both 
concrete types. Each individual diameter features the average values obtained for all 
three anchorage lengths (the mean of such values is also represented in the figure). As 
we can see, both types of concrete present a reduction of the bond strength when the 
bar diameter increases. For self-compacting concrete, the difference when increasing 
the bar diameter from 10 mm up to 14 mm seems to be more linear compared to 
vibrated concrete. For VC only a small difference is observed between 10 mm and 
12 mm bars. But if the differences between 10 and 14 mm bars are compared, SCC 
presents a reduction of 12%, while 16% for VC was found. This difference is too small 
in order to conclude that SCC and VC behave differently. 
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Figure 4-55 Bar diameter influence 
 
 In terms of initial slip along with the increase in bar diameter, the risk of air voids 
occurrence under the reinforcement bars rises, as does the possibility of slips being 
increased along with the increase in diameter. At first observation, the bond strength 
τ0.01 (Table 4-31) shows a decreasing tendency along with the increase in diameter. 
These considerations reoccur in the behaviour of SCC1 and SCC2 concretes, where 
the differences from diameter Ø10 to Ø12 ranged from 28 to 35% and for Ø12 to Ø14 
up to 30% for both mixes.  
These observations noted for SCC1 and SCC2 were not observed for the other 
concretes. The latter showed a similar behaviour to the aforementioned upon 
increasing the bar diameter from 10 to 12mm, the differences ranging from 6 to 22%. 
However, the behaviour changed when the diameter was increased from 12 to 14mm.  
 Characteristic bond strength 
 Series 1 Series 2 
Diam. 
[mm] 
SCC1 SCC2 VC1 SCC3 SCC4 VC2 
10 12.04 13.93 5.05 10.83 9.07 5.58 
12 9.45 9.10 4.60 8.77 5.86 4.38 
14 6.63 6.34 8.59 10.97 14.08 7.78 
Table 4-31 Bond strengths associated with s=0,01mm 
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When increasing the bar diameter, the slip at maximum bond stress is decreasing 
in all cases, as observed by other authors too [115]. The decrease was 46% when 
changing from 10 to 12 mm bars for SCC and 49% when the bar diameter is increased 
from 10 mm to 14 mm. In the case of VC the difference between the ultimate slip 
values measured for 10 mm and 12 mm bars was 36%, and 52% for 10 mm bars 
compared to 14 mm. It can be concluded that no significant differences can be found 
between the results for self-compacting concrete and the results for vibrated concrete. 
It seems that the decrease of su with the increase of the bar diameter is related to only 
the pull-out test, in other studies, where the beam-test was used, the variation was 
contrary [113]. This behaviour can be related to the increasing of the influence zone in 
concrete due to the increase of the bar diameter. The increase of this zone is not 
proportional to the increase in specimen dimensions, leading to a concentration of 
radial stresses around the first rib [116]. These stresses can result in a change of the 
failure mode and a reduction of the slip corresponding to the ultimate bond strength 
[18]. 
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4.3.5 Influence of the embedded length 
 
As previously noted for each mix (paragraph 4.3.2), along with the increase in 
anchorage length, most mixes showed a decreasing tendency for ultimate bond 
strength. In order to perform a bond strength variation assessment depending on the 
anchorage length used, all concretes require the elimination of compressive strength 
effect by normalizing the ultimate bond strength determined. Figure 4-56 summarizes 
the normalized strength and the standard deviation corresponding to all studied mixes. 
In order to get an overview of the influence of the embedded length, the results are 
presented according to the bar diameter in three graphs. 
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Figure 4-56 Anchorage length influence for SCC and VC 
 
 A decreasing tendency of the ultimate bond strength with increased embedded 
length was found (Figure 4-56). For self-compacting concrete the difference in values of 
the bond strength for different embedded lengths are around 10% when comparing the 
case of 3d with that of 4d in SCC1, and even less for SCC2 and SCC3. Likewise, the 
values are in the same range or lower when comparing the results for embedment 
lengths of 4d and 5d.  In the case of SCC4 only one embedment length was tested. 
Actually, no difference between SCC and VC can be noticed. No influence of 
embedment length on the bond strength-slip relationships was observed. 
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 In conclusion we can say that the differences between the results obtained for the 
two concrete types in case of both series tested are minor. The increase of bar 
anchorage length decreased the bond strength recorded but without influence from the 
type of concrete used. These statements are also found in Figure 4-57 which 
represents a compilation of all results obtained for the two concrete types. The figure 
represents the ratio between the strengths recorded for all 3 anchorage lengths used.  
In order to achieve a more efficient comparison, the results of the splitting tendency 
elements were not considered in the figure presented below. In consequence, we can 
observe that the equations resulting from the linear regression performed are very 
close, without actually noting a difference in the behaviour of self-compacting concrete 
compared to vibrated concrete.  
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Figure 4-57 Anchorage length influence 
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4.3.6 Influence of the testing-casting direction 
 
In order to observe the casting and testing direction for the two concrete types, 
elements produced from two self-compacting concretes (SCC2 and SCC3) and one 
vibrated concrete (VC2) were tested. Due to the rather big difference in compressive 
strength for these mixes, a comparison is facilitated by the elimination of compressive 
strength influence by normalizing the bond strength obtained.  
As noted for each mix in paragraph 4.3.2, the casting direction can influence both 
initial bond strength as well as the slip associated with it. Figure 4-58 present the 
ultimate normalized bond strengths recorded for the two diameters tested for each mix. 
In all situations provided for both VC and SCC, when the casting direction was changed 
from perpendicular to longitudinal, the bond strength recorded was observed to be 
increased. The percentage by which the bond strength was increased is quite variable 
with values ranging from 18% to 63% for SCC and from 20% to 34% for VC, without the 
possibility of distinguishing a difference between the two concrete types.  
If a comparison is made between the bond strengths determined for the two testing 
directions for the longitudinal casting direction, note that the bond strengths recorded 
for self-compacting concretes no longer show an increasing tendency, compared to 
vibrated concrete which shows an increase of up to 32% for LD2 compared to  LD1. 
This behaviour may occur due to a decrease in the settlement and cement paste flow 
effects for self-compacting concrete. Thus, this difference between properties in the 
upper and lower side of the bar ribs may show a decreasing tendency in the case of 
vibrated concrete, for which case, the differences may be significant due to vibration 
and settlement.  
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Figure 4-58 Ultimate strengths normalized for PD, LD1 and LD2 
 
In terms of initial slip, the bond strengths recorded for a 0.01mm slip were higher 
for SCC compared to VC, especially for the LD2 testing direction. As can be seen in 
Table 4-32, the differences between the two concrete types are quite significant. For 
LD1 the difference varies between 20% and 56%, in case of SCC2 relative to VC2 and 
between 35% and 80% for SCC3. For the same mixes in case of the LD2 testing 
direction, the differences are also significant, ranging between 16-20% for SCC2 and 
between 45-54% for SCC3.  
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 Bond strength for s=0.01m 
 LD1 LD2 DP 
Diam. 
[mm] 
SCC2 
[MPa] 
SCC3 
[MPa] 
VC2 
[MPa] 
SCC2 
[MPa] 
SCC3 
[MPa] 
VC2 
[MPa] 
SCC2 
[MPa] 
SCC3 
[MPa] 
VC2 
[MPa] 
10 10.3 12.7 8.2 16.2 24.4 13.6 14.3 8.9 8.5 
14 10.1 21.4 4.4 15.1 26.1 12.1 8.8 9.9 7.4 
Table 4-32 Strengths s=0,01mm, longitudinal casting direction 
 
The same behaviour (decreasing slip when changing the casting direction) may 
also be observed in case of the ultimate slips for SCC2 concrete, both for 10mm 
diameter bars as well as for 14mm bars. In both cases, the tendency was a slip 
decrease, even by 73% in case of Ø10 and 68% in case of Ø14. This tendency will not 
reoccur in the behaviour of the other two concretes (SCC3 and VC2), both showing an 
increasing tendency by approximately 40% for ultimate slips upon switching from the 
perpendicular to the longitudinal casting direction, followed by a decrease between 2% 
and 66% for slips in case of the longitudinal direction tested, opposite to the casting 
direction (LD2). We must also mention that in case of 14mm bars in the SCC3, yielding 
of reinforcement was noted, as may be seen in Figure 4-59.   
As a conclusion, we may state that a clear distinction cannot occur between the 
two concrete types in terms of casting-testing direction influence for the ultimate slip 
recorded by the reinforcement. 
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Figure 4-59 Ultimate slip depending on the casting direction 
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4.3.7 Smooth bar bond in self-compacting concrete 
 
Elements for all mixes were tested in case of plain bars, using 10 and 12mm 
diameter bars and a 5 diameter bar anchorage length. In terms of bond ultimate 
strength, one observed a different behaviour compared to the ribbed bars previously 
presented. For 5 of the 6 mixes tested, SCC and VC, the 12mm diameter bars showed 
a higher bond strength than 10mm bars, an opposite behaviour from that noted for 
ribbed bars. However, it should be noted that this behaviour seems only to be specific 
to the ultimate bond strength recorded. In case of lower levels, the 10mm diameter bars 
showing higher bond strength than the12mm bars. Furthermore, for moderate levels, 
0.1-0.25mm, the bond strength for the two diameters recorded pretty close values too.  
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Figure 4-60 Bond strength for plain bars 
 
If we were to make a comparison between the bond strength recorded for the two 
concrete types, Figure 4-60 shows that for smooth bars in the case of Series I, both 
self-compacting mixes showed a tendency to exert increased bond strength, leading to 
up to 36% higher bond strength than the ones recorded for VC. Yet this tendency is 
maintained for Series II, where the ultimate bond strength recorded was close in value.  
In terms of initial slip, an opposite variation was observed from the one described 
for the bond strength, SCC showing lower slip than VC, as visible in Figure 4-60. More 
in detail, self-compacting mixes in Series 1 tend to show lower slips for low and 
medium loading levels, while for Series 2; the difference between the two concrete 
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types seems to disappear. This response cannot be observed for the slip associated 
with the maximum bond strength recorded, variations increasing between the slips 
recorded for the two series in case of both diameters. 
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Figure 4-61 Ultimate slip for plain bars 
 
This behaviour makes a comparison between ultimate slips recorded for the two 
concretes difficult to carry out. Note that self-compacting concrete in Series 1 tends to 
show similar slips to those of normal vibrated concrete for the 10mm diameter, and 
much higher for the 12mm bars. This response may also be observed in case of Series 
2, but only for the 12mm bars, as the 10mm bars showed similar values.  
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4.4  Influence of concrete fresh properties on bond with 
reinforcement 
 
4.4.1 Experimental program  
 
The study aims to promote the superior rheological properties of self-compacting 
concrete represented by the filling, the passing or the pumping thereof, significantly 
increased compared to those of vibrated concrete. This study started from the premise 
of using self-compacting concrete for the construction of large elements by using the 
casting methodology of pumping concrete from the bottom of the element. This 
methodology is specific to a self-compacting concrete, showing an increased 
homogeneity compared to the conventional method (from the upper side of the 
element), which implies the risk of various differences occurring between cast layers. 
Throughout this method, concrete pumping is carried out continuously and with a 
constant flow rate. Moreover, the method provides an easier casting process by 
eliminating certain devices used during the casting of conventional concrete (additional 
cables, handling devices for the upper side of elements) and at the same time reduced 
the necessary manpower. For example, within this study, the casting of an element was 
carried out by a team of two persons. The first of which had the role of handling the 
concrete pump and the second only had the role of process observer, with the concrete 
practically filling the formworks by itself, without additional mechanical actions applied 
thereto.  
Although superior to the conventional casting method in terms of benefits, this 
method is subject to certain requirements concerning the fresh properties of newly cast 
concrete. These refer to passing capacity, slump flow and segregation resistance.  
A concrete without an adequate passing capacity upon using this method may 
show a certain blockage risk for aggregates between the reinforcement bars. This term 
is defined as an accumulation of coarse aggregates between the reinforcement bars, 
thus generating blockages which may lead to an uneven aggregate distribution in the 
newly cast element. Figure 4-62 and Figure 4-63 show an example of this phenomenon 
particularized for a cast element within this study. The phenomenon is well 
documented, the literature providing studies which focused on the study of concrete 
flow between the reinforcement bars, studies based on a criterion which takes into 
account the spacing between bars and the mixture composition. Authors such as Bui 
[117] or Martys [118] proposed an empirical model to determine the blockage risk 
based on the concept of critical volume for each individual aggregate. This theory is 
also integrated within the CBI mixture sizing presented in detail in paragraph 2.4.2 
herein. Furthermore, authors such as Sharp & Adrian [119] stated that the blockage risk 
is not a function to consider the volume occupied by each aggregate particle, thus also 
being influenced by fundamental effects such as slump flow capacity or concrete 
viscosity. Although these principles provide literature references, they are absent from 
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the current design codes (Eurocode 2), thus such criteria are not used into practice. In 
the case of self-compacting concrete, only the minimum reinforcement spacing 
criterion, specified for vibrated concrete, is accepted. If we were to apply both the 
criteria enunciated by the aforementioned authors and the criterion enunciated in the 
Eurocode for this study, the risk of this phenomenon occurring is reduced, or even 
inexistent, due to the high distances applied between reinforcement bars. Thus, we can 
state that from this perspective, the homogeneity of newly cast concrete was not 
affected. 
 
 
Figure 4-62 Homogenous aggregate distribution 
 
 
Figure 4-63 Aggregate blockage 
 
Figure 4-64 Dynamic segregation 
 
However, there are also other issues which may exert an influence on concrete 
homogeneity in the newly cast elements. The use of this method is subject to the risk of 
dynamic segregation occurrence, phenomenon which refers to particle segregation 
during concrete flow. This phenomenon occurs gradually during flow, especially if this 
process requires an increased time and high flow distances [120]. Figure 4-64 shows 
this phenomenon which may occur during element casting. The particularities implied 
by the phenomenon are also well documented in the specialized literature [121], [122], 
several authors presenting detailed reports on the issues referring to the cause and 
possibility of controlling such phenomenon. Moreover, some authors [123] tried to 
present these phenomena together by performing tests and numeric simulations for 
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concrete flow in concrete elements. Thrane [123] carried out such an assessment in 
2007, performing numeric simulations and tests to determine concrete distribution in 
newly cast elements by using the pumping method (Figure 4-65).  
 
  
 
 
Figure 4-65 Concrete distribution by pumping from the lower side of elements, [123] 
 
As can be seen from the figure above, concrete distribution into elements is not 
always uniform, being subject to distinguishing specific areas in the newly cast 
elements. The author [123] did not go ahead with his experimental program, namely to 
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study if this uneven concrete distribution into the elements can influence the element 
mechanical properties in one way or the other.  
These are the reasons which led to the idea of conducting this study, i.e. to study 
the influence of pumping two different slump classes of self-compacting concrete (SF1 
and SF2) in order to study the influence of fresh properties on a very important 
mechanical property of reinforced concrete, its bond with the reinforcement. Moreover, 
the study also took into account the influence of compressive strength by using 3 
different concrete compressive classes for each slump class, resulting in 6 unique 
mixtures. Also, in the case of three of the six mixtures, 3 reinforcement diameters were 
used, following their influence in the pumping method, fresh properties as well as 
hardened properties. Table 4-33 provides an overview of the entire experimental 
program.  
 
Symbol Compressive strength 
Slump 
[cf. [8]] 
Bar diameter 
[mm] 
SCC5-D10a 
fc1 
SF1 
10 
SCC5-D12a 12 
SCC5-D16b 16 
SCC6-D10 
SF2 
10 
SCC6-D12 12 
SCC7-D10a 
fc2 
SF1 
10 
SCC7-D12a 12 
SCC7-D16b 16 
SCC8-D10 
SF2 
10 
SCC8-D12 12 
SCC9-D10 
fc3 
SF1 
10 
SCC9-D12 12 
SCC10-D10a 
SF2 
10 
SCC10-D12a 12 
SCC10-D16b 16 
aconcrete produced in the first series, bconcrete produced in series 2, for additional details see 
paragraph 4.2.1.4 , tab.4-11 and tab.4-13 
Table 4-33 Pull-out tests for walls 
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4.4.1.1 Materials  
 
The materials used in this study are the ones described for SCC5…SCC10 
concretes, their properties, both fresh and hardened, are showcased in paragraph 4.2. 
The starting point for all these concretes was the objective to use a basic mixture 
followed by the alteration of certain ratios depending on the fresh or hardened 
requirements. So the mixture used began from a basic mixture tested and optimized 
within the Magnel Laboratory during other research projects [4]. This study implied the 
variation of cement/filler and cement/superplasticizer ratios in order to reach the 
mechanical properties (C40, C50, and C60) and respectively the fresh properties (SF1 
and SF2) desired.  
Moreover, in terms of the three bar diameters used (10, 12, 16mm), their 
properties referring to yield strength, ultimate strength or geometrical characteristics are 
presented in the aforementioned paragraph.   
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4.4.1.2 Element geometry 
 
The experimental elements comprised of walls with 2400x550x200mm sizes which 
incorporated reinforcement placed at a 200mm distance both horizontally and vertically. 
This configuration was chosen for two reasons. The first one was to eliminate the 
possibility of influence areas of neighbouring reinforcements during the tests. The 
literature [19] specifies that the influence of a single reinforcement bar is 10 times the 
bar diameter (for a maximum diameter of 16mm reaching 160mm). The second reason 
was the desire to eliminate the concrete blockage risk between the reinforcement bars, 
so that the distance could not be considered as a parameter influencing the results 
obtained. Figure 4-66 provides a diagram of elements and the alignment of 
reinforcement bars within them. The following notation will be used as a reference of 
the bars configuration: row I and II, and bar number 1 to 10 for each of the rows. 
The selected anchorage length was three bar diameters for all diameters used, 
thus resulting in three anchorage lengths: 30mm, 36mm and 48mm. The protection of 
the bar not embedded in concrete was achieved through a plastic jack placed along this 
length. In order to avoid cement paste infiltrations in unanchored part, the part 
embedded in concrete was sealed with the help of a fast curing silicone solution.  
 
 
 
Figure 4-66 Element geometry 
  
Chapter 4 : Experimental determination of SCC bond  
164 
 
4.4.1.3 Preparation and casting of elements 
 
The tightness of formworks and also of the pipes necessary for pumping concrete 
was verified prior to casting the concrete. Moreover, an oil based solution was applied 
to the entire formwork surface in order to ensure an adequate de-moulding of elements. 
 
 
 
Figure 4-67 Mixing – casting – storage methodology 
 
The concrete mixture used started from a basic mixture initially established which 
comprised of a certain quantity of superplasticizer, so as not to result in a higher 
concrete slump than necessary, followed upon its completion by the decision to 
maintain or increase the amount of superplasticizer. The mixing procedure consisted of 
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mixing dry aggregates for approximately 15 seconds, followed by the addition of 
cement and limestone filler and mixing the same for another minute. Water was added 
thereafter, and after 30 seconds of mixing, the superplasticizer was added without 
interrupting the mixing process until reaching a time of 3 minutes.  
The total amount of concrete used for casting 2 walls, verifying the fresh and 
hardened properties as well as for filling the pipes necessary for pumping was 800 
litres. These processes were carried out in 4 batches of 200 litres with the help of a 
horizontally operating mixer. The fresh tests were performed after the first batch 
completion and only if these generated adequate results, one proceeded to cast the 
elements (cubes and cylinders) necessary for determining compressive strength and 
for pumping concrete into the elements. 
The casting process was carried out by pumping the concrete from the bottom of 
one side of the formwork with the help of an adjustable flow rate pump. The connection 
between the pump and formwork was done with a flexible pipe attached to the 
formwork with a valve specially sized for this type of casting methodology (Figure 4-67). 
The pumping time was approximately 2 minutes for a volume of 275 litres for each wall, 
which represents a pumping speed of approximately 8,25m3/h.  
After the casting process was completed, the elements were kept for 48 hours in 
an environment with a temperature of approximately 20oC and a relative humidity 
around the value of 60%, with the same conditions being ensured for the cubes and 
cylinders necessary to determine the compressive strength. This process was followed 
by de-moulding and storage in the same environment for another 26 days. 
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4.4.1.4 Test set-up and testing procedure 
 
Element testing was carried out at the age of 28 days from the casting day through 
the pull-out method according to RILEM [108] specifications, the bars being pulled out 
with the help of a device showcased in Figure 4-67 which contains a force dose with a 
100KN capacity and 6 displacement transducers with a 0.001mm accuracy (3 being 
aligned to the passive part and 3 to the active part of the element), with a data take-
over frequency of 10 recordings per second. The loading speed was determined so as 
to result in an increased strength of 38MPa/minute for the reinforcement bars [108]. 
The test continued until maximum force was reached and a decrease of the same was 
noted concomitant to an exponential increase in slips. The figure below shows the 
testing dispositive as well as an element equipped to perform the tests. 
 
 
 
Figure 4-68 Measurement apparatuses and instruments  
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4.4.2 Results and discussions 
4.4.2.1 The influence of concrete slump capacity on the bond 
 
As shown in the previous pages, this study implied the use of concretes falling 
within two slump classes in terms of concrete deformability (slump and flow rate). Each 
of these classes used 3 concrete mixtures with medium compressive strengths varying 
from 48MPa and 69MPa, presented in Paragraph 4.2.1. In order to make a comparison 
in terms of slump influence, we must first eliminate the compressive strength influence, 
and this is possible by normalizing the bond strengths obtained according to relation 
4.4. We must also take into consideration the fact that two casting series were 
conducted for concretes SCC5, SCC7 and SCC10, thus leading to slightly different 
fresh and hardened properties. So if the aim is to perform an assessment for the 
resulting values, other than the variation of element length for each individual element, 
assessment which includes a comparison of non-normalized ultimate strength values 
determined for various concretes, this observation must be taken into account. We 
must also consider the reinforcement position both according to element height and for 
eliminating the effect of different concrete settlement under the reinforcing bars and 
according to element length  
 
c
R
n f
τ
τ =  
 4.4 
Where:  – normalized bond strength;   – ultimate bond strength determined; fc – average 
compressive strength 
  
 
Service state behaviour 
 
In terms of initial response, for lower stress level, corresponding for low slip values 
and service state conditions appears that the concrete mixtures with a higher slump 
flow seem to have a higher bond capacity. Most of the bars, for all three high slump 
flow concretes, showed increased bond strength. Especially if such is correlated with 
the diameter of bars used and their position relative to the inlet.  
The behaviour results for τ0.01 (bond stress corresponding to a slip of 0.01mm) are 
shown in Figure 4-69 (for more details see Annex 4).  
At a first look no clear difference can be noted in cases of bars with a 10mm 
diameter between the two concrete types. The figure shows an increasing tendency for 
bond strengths in case of 1-3 bars for a slip of 0.01mm, subject to a higher slump, yet 
for 3-8 bars, this tendency is changed, with differences occurring between the two 
concrete types even up to 28% but with a significant standard deviation of results. In 
the case of higher diameter, 12 and respectively 16mm, the behaviour becomes clearer 
being able to observe a decrease of the bond strength for the bars at the end of the 
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elements. Moreover, the ratio between the two concrete types arrives at even a value 
of 2.23 for the bars number 10.  
 More exactly, the difference can be observed for the end of the elements in 
the case of the bars at position 8-10. The observation is highlighted in the Figure 4-69, 
which presents the ratio between τ0.01 bond strength for small slump flow and high 
slump flow concretes. 
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    (a) Slip 0.01mm        (b) Slip 0.1mm 
Figure 4-69 Bond strengths along the length of elements 
 
The first histograms present the average for the first 8 bars, while the second and 
third group of histograms presents the results for bars at position 9 and 10, for all three 
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diameters. Furthermore, while for the 10 mm bars no considerable influence of the 
slump flow can be seen (less than 10%), the behaviour changes when the results of 
12 mm and 16 mm are taken into account. It can be observed that both, 12 mm and 
16 mm, have a change in behaviour between the low and high slump flow concretes for 
the end of the elements (~400 mm). The values of the ratio, low/high slump, are leading 
to 0.52 for 12 mm bars and even 0.45 in the case of bars with diameter of 16 mm.  
A similar behaviour is found for the bond strength for a slip of 0.1mm (τ0. 1) (fig6b). 
The end bars tend to show a lower bond stress, influenced also by the bar diameter, 
but with a smaller decrease. The values for the ratio reach this time 0.86 for bar at 
position 9 bars and 0.61 for bars at position 10 bars in the case of diameter 12 mm. 
The values for the 16 mm bars are also in the same range, with a ratio of 0.71 for bars 
at position 9 and 0.63 for bars at position 10. 
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Figure 4-70 Bond strengths along the length of elements 
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Intermediate load level 
The behaviour described above seems to occur in other phases as well, being 
observed for characteristic bond strength (τM) as well. Figure 4-71 (for more details see 
Annex 5) presents the average of the characteristic normalized bond strength 
determined for three concrete mixtures for each slump flow class, both for bars with 12 
and 16 mm diameter. It can be seen that for the first part of the elements similar values 
are obtained; for bars 1-8 no difference higher than 12% are being recorded. The 
behaviour changes for bars 9 and 10, which are placed at a maximum distance of 
40 cm from the elements rear end. This behaviour is reflected by the decrease of the 
bond strength, both at the top and bottom of the element, with reductions up to 32% for 
bars at position 10. 
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Figure 4-71 Characteristic strengths 
 
As see in Figure 4-65, this strength variation occurs in the “dead” areas described 
by Thrane [123]. This observation may lead to an explanation of this phenomenon in 
terms of a decreased homogeneity towards the end of the element for the low 
deformability concrete. As described in the study presented by Thrane, a concrete with 
such a low slump and a decreased flow rate may, in some cases, lead to a slightly 
decreased compaction in certain areas towards the ends of the elements. As 
mentioned, the phenomenon occurs especially in case of low rate pumping of 
concretes with reduced fluidity, thus being subject to the risk of an internal stability loss 
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which may lead to a decreased concrete homogeneity. Thrane also stated that this 
phenomenon may be observed with the naked eye by noting a difference in the surface 
finishing capacity for this area, by the occurrence of a significant number of air voids on 
the concrete surface. The appearance of this behaviour can lead to diminished 
properties such as micro-strength at reinforcement-concrete interface [88] or to 
increased voids under reinforcement bars. All these phenomena could have an effect 
on adhesion between concrete and reinforcement for small and medium load levels 
downwards. 
This phenomenon was also observed during this study, Figure 4-72 showing a few 
examples of uneven distribution. For a better illustration, the elements were divided into 
four 60 cm sectors (A, B, C, D) numbered from A for the sector closest to the pumping 
valve. In case high deformability concrete (SCC1), the air voids were noted as absent 
or reduced to a minimum for the entire surface of the element, while for the low 
deformability concrete (SCC2), these voids occur mainly in the D sector, especially in 
the lower side, an area characterized as a “dead” area in Figure 4-65.  
 
  
  
  
Figure 4-72 Air voids observed for low deformability concretes 
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The behaviour noted in our case seems to affect the lower reinforcement row more 
significantly, with the air voids being observed on a small area in the upper side. We 
may thus presume that their influence could be diminished. Yet if we look at Figure 
4-71 we can see that the bond is also decreased for these reinforcement bars. This 
decrease can also occur, in addition to the aforementioned, due to another 
phenomenon, namely the occurrence of paste in the upper side of the element 
determined by the dynamic segregation. Thrane [123] also stated that paste occurs in 
the upper side of the element in case of low slump and flow rate concrete during 
formwork filling, after concrete height exceeds the height of the pumping valve. This 
phenomenon is caused by high tangential stress from inside the concrete which make 
the aggregate particles to be pushed away from the surface, and then resulting in 
higher paste content at the surface. So, this phenomenon, combined with the 
occurrence of air voids could lead to this strength variation for low and medium loading 
levels. 
 The statements above are supported by the results noted in case of high 
deformability concretes, with an inexistent decrease. The flow model for this concrete is 
different, being more similar to that of a Newtonian fluid, for which particle distribution is 
done more uniform both horizontally and vertically. Yet, on another hand, due to its high 
deformability, this concrete type is exposed to the risk of dynamic segregation which 
could also lead to strength decreases. In order to assess this risk, segregation strength 
was determined using the sieve stability method for all concretes. As can be seen in 
Table 4-8, all concretes showed a high resistance so that the probability of dynamic 
segregation was reduced to a minimum.  
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Ultimate state behaviour  
The aspects mentioned for low and medium loading levels can be observed for the 
maximum bond strength as well. Also in this stress state, the behaviour is governed by 
the deformability capacity of the concrete but to a different extent. The decrease in the 
bond strength is smaller. This is illustrated in Figure 4-73 (for more details see Annex 
4), which represents the ultimate normalised bond strength for each type of concrete. 
The decrease of the bond strength is more prominent in the case of larger diameters. In 
consequence, while for 10 mm bars the difference between high and small slump flow 
concretes was not higher than 6%, in the case of 12 mm bars the difference increased 
up to 17%. A similar observation is made for 16 mm bars, the difference between the 
recorded ultimate bond strength being 14% in the case of bars at position 9 and 18% 
for bars at position 10. The main reason of this diminished influence of the fresh 
properties seems to be the influence of the hardened properties, which for the ultimate 
stage plays a more important role (CEB –FIP 2000). 
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Figure 4-73 Ultimate 
 
Moreover, while the bond strength seems to be affected by the flow of the concrete 
within the elements, the same behaviour cannot be observed when the ultimate slip is 
evaluated, showing no clear variation along the length of the elements. The recorded 
values were around 1.00 mm with a coefficient of variation of 20% but without any clear 
tendency, both for vertical and horizontal directions. Table 7 presents the average of all 
10 bars for each diameter for both top and bottom row of reinforcing bars. As it can be 
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observed the slip does not seem to be influenced by the fresh properties of the 
concrete. The slip values as well as the corresponding standard deviations are 
relatively constant. In this way, the ultimate slip of the bars is not affected in a decisive 
way by the type of concrete regardless of its fresh properties.  
Moreover, while the bond strength seems to be affected by the flow of the concrete 
within the elements, the same behaviour cannot be observed when the ultimate slip is 
evaluated, showing no clear variation along the length of the elements. The recorded 
values were around 1.00 mm with a coefficient of variation of 20% but without any clear 
tendency, both for vertical and horizontal directions. Table 7 presents the average of all 
10 bars for each diameter for both top and bottom row of reinforcing bars. As it can be 
observed the slip does not seem to be influenced by the fresh properties of the 
concrete. The slip values as well as the corresponding standard deviations are 
relatively constant. In this way, the ultimate slip of the bars is not affected in a decisive 
way by the type of concrete regardless of its fresh properties.  
 
 
High slump flow (≈780mm) Low slump flow (≈650mm) 
SCC1 SCC3 SCC5 SCC2 SCC4 SCC6 
Diam. Pos. su 
[mm] 
SD 
[mm] 
su 
[mm] 
SD 
[mm] 
su 
[mm] 
SD 
[mm] 
su 
[mm] 
SD 
[mm] 
su 
[mm] 
SD 
[mm] 
su 
[mm] 
SD 
[mm] 
Ø10 
Sup. 1.14 0.19 1.02 0.29 1.17 0.24 1.19 0.22 1.01 0.24 0.98 0.33 
Inf. 1.18 0.23 1.17 0.32 1.02 0.21 1.19 0.33 1.15 0.26 1.2 0.24 
Ø12 
Sup. 0.82 0.23 0.98 0.25 1.03 0.29 0.92 0.17 0.71 0.21 1.16 0.25 
Inf. 0.84 0.18 1.13 0.36 1.06 0.39 0.99 0.14 0.66 0.15 1.06 0.36 
Ø16 
Sup. 1.17 0.3 1.33 0.39 - - - - - - 1.11 0.35 
Inf. 1.38 0.33 1.15 0.34 - - - - - - 1.64 0.56 
Table 4-34 Ultimate slip  
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4.4.2.2 Influence of vertical reinforcement position (“top-bar effect”) 
 
Due to element configuration with two rows of reinforcements placed at a 
considerable distance one from another and also, both being placed at a significant 
distance from the bottom part of the element, the occurrence of the so called “top-bar 
effect” was observed herein, defined as the effect of concrete settlement under the 
upper reinforcement bars [19]. This effect is taken into account by both the European 
standard [124] as well as by the American standard [29] by reducing the bond strengths 
by 30% for the bars located at a distance exceeding 25cm and respectively 30cm from 
the lower part of the element. However, these specifications only refer to vibrated 
concrete which, as shown in different studies in the literature [14], is prone to present a 
higher bond strength reduction by element height than self-compacting concrete. For 
example, Desnerck [4] presented a ratio reduction in the lower part of the element and 
the bond strength from the upper part determined by columns with a height of 150cm 
from 1.60 for vibrated concrete to 1.20 or even 1.00 for self-compacting concrete, which 
leads to a decrease of this ratio by at least 25%.  
If we apply the statements made by Desnerck in his study, we may observe the 
same behaviour, thus, for a height of 400mm from the lower part of the element and 
200mm from the bar in the lower part, a decrease in bond strength by average values 
of the ratio ranging from 0.92 and 1.14 would result. Figure 4-74 shows the ratio 
between the bond strengths determined for the bars in the lower side ( bR ,τ ) and those 
in the upper side ( bR ,τ ) for all 6 mixes tested. Note that the differences between the 6 
concretes are minor, the ratio value (position factor) being approximately 1.10 for SCC5 
and reaching 0.92 for SCC8. This behaviour actually shows that the concrete used 
presented a small settlement and the “top bar effect” is much smaller than for 
conventional concrete, which according to [29], [124] or other studies [4], [125] would 
amount to a value of approximately 30%. Furthermore, no direct influence of the slump 
flow or other fresh properties is observed on this effect.  
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Figure 4-74 Top bar effect  
 
As mentioned by other authors [125] this effect is reflected differently depending on 
the loading level for which it is studied. This actually represents the translation of 
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influence for air voids formed under the reinforcement bars on the recorded bond 
strength [19], the slip is smaller and it is especially determined by concrete 
deformability and by the air voids remained at the interface between it and the 
reinforcement. The latter are determined up to the second behavioural stage, where the 
capacity of concrete to take-over the pressures transmitted by reinforcement ribs is the 
property determining element behaviour. This phenomenon can also be observed in the 
following figures, which represent the ratio of bond strength between the two bar rows 
for various reinforcement bar slip. For a better observation, the charts also include the 
average variation for all 3 diameters of this ratio expressed in percentages, called 
position factor in the chart.  
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Figure 4-75 The ratio between strengths on the lower side and on the upper element 
side for various slips of the reinforcement bar 
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Thus, as can be observed the ratios generally arrive to high values for a bar slip of 
0.01m, up to 26% for SCC6, and decrease sequentially with the increase of the slip.  
Furthermore, we can state that along with the increase in reinforcement slip, the 
ratio value drops, reaching for a slip of 0.1mm a percentage of 5-15% and then for an 
ultimate slip corresponding to the ultimate bond strength arriving even at a percentage 
of variation close to zero. It may also be noted that the ratio value seems to be very 
close to the bond strengths determined for a 1.0mm slip and ultimate slips. This is due 
to the ultimate slips values recorded, which are often close to the 1.0mm value.  
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4.4.2.3 Bar diameter influence  
 
As detailed in the previous program (Paragraph 4.3.2) and within this project by 
using 3 reinforcement diameters, their influence on the bond strength was observed. It 
was also noted that during this study, along with an increase in bar diameter, the bond 
strength tends to decrease. Figure 4-76 shows the normalized bond strength recorded 
for all 6 mixes. For each of these, the bond strength is shown according the bars used. 
As can be seen, the differences are quite significant between the 3 diameters, varying 
for each individual concrete from a minimum value of only 2% for SCC9 at the upper 
side of the elements up to 28% for SCC10 at the lower side of the elements. 
If we refer to the decrease observed when making the transition from the Ø10 
diameter to the Ø12 and then to the Ø16 (if necessary) each concrete showed values 
ranging from 7% for Ø12 and 23% for Ø16 in case of SCC5, 15% in case of SCC6, for 
the latter concrete only the 10 and 12mm diameters were tested, 15% for Ø12 and 10% 
further to Ø16 in case of SCC7, 15% in case of SCC8, 7% for SCC9 and if SCC10 26% 
when Ø12 is compared to Ø10 and 14% when we compare Ø16 to Ø12 with a total 
decrease from Ø10 to Ø16 of 37%.  
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Figure 4-76 Normalized bond strength depending on concrete type and bar diameter 
  
As noted herein, concretes with different fresh properties were used, studying 
three concretes with a high deformability and three with a low deformability with 
characteristics reflected by the slump capacity and flow rate thereof. In the above figure 
these concretes are marked with SCC5, 7 and 9 for those with high deformability and 
SCC6, 8, 10 for those with low deformability. If we take this criterion into account when 
observing the decrease in strength from one diameter to another, we can state that a 
small difference occurs between the two concrete types. If we look at both the upper 
and the lower side of the elements, the strength decrease seems smaller for concretes 
with high deformability, the difference between the same and the low deformability 
concrete being approximately 10%. So if we calculated the mean for normalized 
strengths for the two concrete types we may observe that the strengths for the high 
deformability concrete was decreased by 10% when comparing Ø12 to Ø10 and 21% 
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from 12 to 16mm, with a total reduction from 10 to 16mm of 28%. On the other hand, in 
case of the low deformability concrete, the strength decrease was 19%, both for the 
transition from 10 to 12 as well as from 12 to 16 and with a total decrease of 34% from 
Ø10 to Ø16. Thus we can conclude that for low deformability concretes the decrease 
tendency for ultimate bond strength is increased comparative to the high deformability 
ones.
Chapter 5 : Constitutive models   
180 
 
5. Constitutive models for bond in vibrated and 
self-compacting concrete 
5.1 Models in the literature 
The literature provides a series of constitutive models or equations to determine 
bond strength or reinforcement bar slip for a certain stress condition in a concrete 
element. Although numerous papers and studies conducted are available for the 
description of such phenomenon, there is still a significant difference between the 
models and equations presented over time. This difference is not only due to the 
increasing understanding of this phenomenon but also due to the evolution of concrete 
types by the occurrence of superior concretes such as high performance concrete, 
ultra-high performance concrete or self-compacting concrete. The following paragraphs 
represent a brief presentation of the most important studies concerning the 
determination and modelling of the bond phenomenon.  
5.1.1 Rehm  
In 1961 Rehm [19] proposed a relation to determine the bond strength according to 
compressive strength and a few empirically determined factors:  
 )(
,
ssf cubec ⋅±⋅⋅= ψϕτ α   5.1 
Where fc,cube is the cube strength of concrete and the other factors are constants determined empiricaly 
by the author.  
5.1.2 Nilson 1968  
Following an analysis conducted with the finite element method, Nilson [126] 
proposed a third degree equation to determine bond strength. Due to the lack of 
experimental results, this equation is based upon the results obtained by other authors, 
considering a single compressive strength. Because of the deficiency of this model, 
namely that it is based on a single compressive strength, the formula only takes into 
consideration the concrete reinforcement slip. 
 
 
3322 102.852105844.998 sss ⋅⋅+⋅⋅−⋅=τ   
s-bar slip
 
5.2 
5.1.3 Mirza and Houde 1979 
Based on the relation provided by Nilson, in 1979 Mirza [127] performed a series of 
tests on 62 prisms through the pull-out method with a varied bar diameter. During the 
test, the author observed the reinforcement slip, the reinforcement bar deformations 
and the formation of cracks. Compared to Nilson, this test used 6 mixes of concrete 
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with a compressive strength ranging from values between 20MPa up to 40MPa. The 
equation presented is a 4th degree polynomial which only considers the bar slip but 
which also improves Nilson’s relation due to its calibration on several concrete classes.  
 
 44104,55733102,59222101,2568,589 ssss ⋅⋅−⋅⋅+⋅⋅−⋅=τ  5.3 
5.1.4 Martin  
Martin proposed an equation to determine the maximum bond strength by using the 
adhesion bond strength, bar slip and several empirically determined constants [19]. 
 
 
b
sc ⋅+= 0ττ   
5.4 
Where is the chemical interaction bond strength (strength necessary to pass to stage II), s – is the bar 
slip, b and c empirically determined constants.  
5.1.5 Eligehausen & Huang 1981  
In 1981 Eligehausen et al 1981 [19] were the first to provide a relation for the 
descending part of the bond strength-slip curve, proposing a series of analytical 
relations for both confined concrete and non-confined concrete. In fact, they proposed 
an analytical model in order to interpret the bond phenomenon. They proposed the 
relations shown in equations 5.5-5.7. The model consists of an upward curve defined 
according to equation 5.5, followed by the increase of the slip, while the bond strength 
remains constant (missing for non-confined concrete). When reaching the slip s2 a 
downward linear path follows, until the values of 3 (with correspondent s3 is reached. 
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s1 0.6mm 
s2 0.6mm 
s3 1.0mm 
α 0.4 
1τ  2.0√fck 
3τ  0.3√fck 
Table 5-1 – The bond strength-slip relation, Eligehausen [81] 
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The model proposed by Eligehausen has been considered for many years 
therefrom as the basic model for modelling the bond between concrete and 
reinforcement; being taken into account in MC90 with a few additions regarding 
parameters, yet the main model principle remained unchanged. One of the main 
additions was provided by Huang in 1996 [128], who tested and calibrated the model 
above for high strength confined concretes, proposing the following relations:  
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5.10 
τ – presented 
in Figure 5-1
 
)(
34
3
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ss
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−
−
−= τττ
               for      43
sss ≤<                                                           5.11
 
The values of parameters presented in the aforementioned relations consider the 
compressive strength of the concrete used, the anchorage conditions as well as the 
reinforcement characteristics such as rib spacing or the yield resistance thereof. Aside 
from the additions made, Huang’s model incorporated the effects which may occur due 
to reinforcement yield, the author defining two behaviours according to reinforcement 
strength condition. As long as the reinforcement is in the elastic mode, relations 5.08-
5.11 apply, resulting in curve I in Figure 5-1b. If the reinforcement strengths are 
deemed to exceed its yield limit, the model uses equations 5.8, 5.12 and 5.13. 
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Table 5-2 shows all the parameters proposed by the two authors for modeling the 
bond between confined concrete and reinforcement, while Figure 5-1 shows the curves 
defined by Eligehausen (a) and Huang (b) for normal and high resistance concrete.  
 
 
 
Chapter 5 : Constitutive models   
183 
 
 Eligehausen Huang 
Normal concrete 
High performance 
concrete 
 Proper bond 
conditions 
All other 
bond 
conditions 
Proper bond 
conditions 
All other 
bond 
conditions 
Proper bond 
conditions 
All other 
bond 
conditions 
s1 1.0mm 1.0mm 1.0mm 1.0mm 0.5mm 0.5mm 
s2 3.0mm 3.0mm 3.0mm 3.0mm 1.5mm 1.5mm 
s3 1*SR 1*SR 1*SR 1*SR 1*SR 1*SR 
s4 - - 3*SR 3*SR 3*SR 3*SR 
s5 - - 2*SR 2*SR 2*SR 2*SR 
α 0.4 0.4 0.4 0.4 0.3 0.3  !"  2.5√fck 1.25√fck 0.45 fcm 0.225 fcm 0.45 fcm 0.225 fcm 		 0.4	%& 0.4	%& 0.4	%&  0.4	%&  0.4	%& 0.4	%& 
sy.f - - Sy+2.5mm Sy+2.5mm Sy+0.25mm Sy+0.25mm 		 - - 0.2	%&  0.2	%&  0.2	%& 0.2	%& 
*SR – spacing between ribs;  
Table 5-2 Bond-slip parameters defined by Eligehausen and Huang for confined 
concrete 
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 (a) Eligehausen, [81]      (b) Huang, [128] 
Figure 5-1 Constitutive models for confined concrete 
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5.1.6 Soroushian, 1991 
Following a study conducted on confined concretes with a compressive strength of 
approximately 30MPa, Soroushian [129] presented a new equation to determine the 
upward curve theorized by Eligehausen. In addition, he also proposed new values for 
certain parameters such as ultimate slip or residual friction strength. The author stated 
that for a constant compressive strength, the characteristic values of slips s1, s2 and s3 
as well as the residual friction strength are independent from the bar diameter, thus 
being able to operate with constant values. Only the ultimate bond strength is 
considered as dependent on the bar diameter, being determined as a function which 
considers the size of the reinforcement bar. The table below provides the characteristic 
values expressed by the author for a compressive strength of approximately 30MPa.  
 
Non-confined concrete  
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 Slip
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 τ*(s/s1)*e
((1-(s/s1)α)
 
s1 1.0mm 
s2 3.0mm 
s3 10.5 mm ( 0.4 
	1 5MPa 
 		3 )20 − +,4 - ∙ /	0 30  
Table 5-3 Constitutive model proposed by Soroushian 
5.1.7 Harajli [130] 
Harajli performed tests on approximately 100 prisms whose configuration was 
identical to that used by Eligehausen. The main purpose of his paper was to determine 
certain relations for fibre reinforced concrete, but in addition to this, the author also 
proposed an amendment to the relations regarding vibrated concrete. As a result of 
observations regarding the slip recorded during the maximum bond strength, the 
conclusion drawn was that it does not depend on the compressive or confinement 
strength. So, Harajli proposed a relation to determine the maximum slip independent of 
such parameters, only taking into account the free spacing between ribs which 
influences the slip decisively.  
 
 18.00189.0max +⋅= cs  5.14 
Where c0 – is the free spacing between the ribs  
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In addition to this observation, Harajli proposed the use of Eligehausen’s [81] 
model with a few amendments regarding the maximum bond strength, ultimate friction 
strength as well as characteristic slips relation with the table below showing the values 
proposed by the author.  
 
Non-confined concrete  
s1 s2 s3
--
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s1 0.75 smax 
s2 1.75 smax 
s3 C0 
α 0.3 
	1 0.9 fcm1/2 
	3 2.57 fcm1/2 
Table 5-4 Parameters proposed by Harajli 
5.1.8 Pieter Desnerck, [131] 
In 2010 P. Desnerck performed tests on 2 self-compacting concretes and one 
vibrated concrete with compressive strength values of around 60 MPa. As a result of 
the tests performed, the author proposed an equation to determine the maximum bond 
strength for self-compacting and normal vibrated concrete. The equation is derived 
from Orangun’s [132] equation and is adapted by using a linear regression compared to 
the experimentally obtained values. 
 
SCC cmf
c
⋅
Φ
⋅+= 




 ]514.0762.1[maxτ  5.15 
VC cmf
c
⋅
Φ
⋅+= 




 ]291.0940.1[maxτ  5.16 
In addition to the expression used to determine the maximum bond strength, the 
author made a comparison of specifications concerning the reinforcement slip 
associated with the maximum strength. He reached the same conclusion as the one 
expressed by Harajli, namely that indeed, the slip is not influenced by the compressive 
strength or by the concrete type but may be influenced by the spacing between 
reinforcement ribs. Thus he proposed a relation which takes this spacing into account.  
 )006.000035.0(01 +⋅= ccs   5.17 
Where: s1 is the slip recorded when the strength is optimum, c0 is the free spacing between the 
reinforcement ribs. 
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As a conclusion, the author proposes to use the model presented in MC90 and 
replacing the equations for determining the maximum strength and associated slip with 
the values above.  
5.1.9 Oh et al [133] 
Oh et al studied the influence of cyclical actions on the bond strengths but also 
represented a proposal to amend the relations for determining the maximum strength, 
the alpha coefficient as well as the slip associated with the maximum bond strength. 
The author applied the model presented by Harajli, modifying the relation to determine 
maximum slip by presenting a constant value independent of reinforcement 
characteristics, and also “α” coefficient at the value of 0.30 used by Harajli at 0.32.  
 6.0
max 5.2 cmf⋅=τ  5.18 
 mms ⋅= 04.1max  5.19 
 32.0=α
 
5.20 
In order to provide a better synthesis for all these models and in order to see the 
differences between them, Figure 5-2 shows centralization thereof. It may be observed 
that Huang’s model, together with the one proposed by Oh tend to estimate greater 
strengths for smaller displacements. Figure 5-2 shows this difference, and, in addition 
to such, it also shows that the model proposed by Soroushian tends to show greater 
initial displacements and smaller maximum strengths. As can be seen from these 
figures, there is still a significant difference between literature models, some being 
more conservative in terms of maximum strength, other in terms of the displacement 
associated thereto.  
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Figure 5-2 Centralization of constitutive models 
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5.1.10 Orangun, Jirsa and Breen [132] 
Orangun et al used a statistical process for the results obtained on 62 non-confined 
beams with a transversal reinforcement. As a result of this analysis, they proposed the 
following relation to determine the maximum values of bond strength, 
- Non-confined concrete 
 cm
d
b
b
f
l
d
d
c
⋅
⋅
+⋅+= )15.425.010.0( minmaxτ  5.21 
- Confined concrete 
 cmtr
d
b
b
fK
l
d
d
c
⋅+
⋅
+⋅+= )15.425.010.0( minmaxτ  5.22 
Where factor Ktr is a factor considering confinement for the section implied by the transversal 
reinforcement and may be expressed as follows:  
 
 
b
yttr
tr dns
fA
K
⋅⋅⋅
⋅
=
5.41 \ 5.23 
where: cmin –concrete cover, db – bar diameter; ld – anchorage length; Atr – transversal reinforcement 
area perpendicular to the split-off plane; s- spacing between transversal reinforcement; n- number of 
section bars.  
 
When applying these relations, we should consider that they are only valid for a 
ratio of concrete cover and bar diameter lower than 2.5 due to the specific conditions of 
tests performed by the authors. 
5.1.11 Darwin et al. [134] 
Darwin et al reanalysed the data presented by Orangun, introducing the concrete 
cover effect to the initial relation. In addition to these observations, the authors of 
another paper [135] conducted an analysis of 133 non-confined elements and 166 
transversal reinforcement elements. As a result of this analysis, the authors observed 
that fc1/4 provides a better representation for concrete influence, thus developing two 
relations to determine the maximum bond strengths for non-confined and confined 
concrete: 
- Non-confined concrete 
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- Confined concrete 
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Where: 
 28.0028.0 +⋅= bd dt
  
28.06.9 +⋅= rr Rt  5.27 
Ab – bar area; N – number of transversal bars in the section; Rr – relative rib area.  
 
Similar to the results provided by Orangun, these equations are based on the 
possibility of element splitting rather than failure by reinforcement pull-out, thus results 
a single limitation for element characteristics for which it may be used:  
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5.1.12 Zuo and Darwin [136], [137] 
The authors have developed the aforementioned relations by adapting the same for 
high strength concretes (>55MPa). The data analysed by these authors were taken 
from tests conducted on 171 non-confined elements with transversal reinforcement and 
196 confined elements. As a result of the analysis conducted, the authors reached the 
conclusion that fc1/4 more closely represents the intake of compressive resistance on 
bond strength for non-confined bars, this factor being used in the equations presented 
(32, 33). 
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Confined concrete 
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Where: 
 22.003.0 +⋅= bd dt
    
28.06.9 +⋅= rr Rt  5.31 
 
Similar to the equations presented above, a limitation in applying the model occurs 
due to the manner of element failure: 
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5.1.13 Esfahani, Orangun and Chapman 
In 1998 and 2000 the authors presented an equation based on a theory developed 
by Tepfer for non-confined bars with transversal reinforcement. The equation presented 
by these authors considers the compressive strength, the bar diameter, the concrete 
cover as well as the anchorage length and is presented for both normal concrete  
fc<50MPa and for high resistance concrete [4].  
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concrete 
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5.34 
 
 cmct ff ⋅= 55.0  5.35 
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5.2 Comparison between bond strength determined within the 
experimental study and those determined from the existing models 
 
As can be seen, the models presented refer to several characteristics necessary to 
complete a constitutive model in order to determine the bond relationships. The models 
showcase the bond strength-slip relation by applying certain functions dependent on 
characteristic values such as maximum bond strength and the slip associated thereto. 
As shown in Chapter 3, and also observed in the equations presented above, each of 
these characteristics is influenced by different parameters such as compressive 
strength, reinforcement bar diameter, reinforcement embedding length or reinforcement 
bar geometry. The following pages provide a comparison between the maximum bond 
strengths and the slips associated thereto, determined within this study by using 
literature models for each individual concrete mix tested. Furthermore, a constitutive 
bond strength-slip is presented, resulted from the correlation of results obtained during 
the two experimental programs. 
5.2.1 Evaluation of the ultimate bond strength 
 
Due to the fat that the models above take into account the manner of failure by 
reinforcement pull-out in case of both testing methods, pull-out or beam test, in order to 
eliminate the possible distortion factor for analysis results and in order to achieve a 
better correlation between the two experimental programs, the analyses only used the 
results of elements with a reinforcement anchorage length equal to 3 diameters and 
which showed no signs of split-off failure. The figures below show an overlapping 
between experimental results and values obtained by applying the specifications of 
equations presented by the aforementioned authors. Figure 5-3 and Figure 5-4 show 
the ultimate bond strengths obtained for self-compacting concrete and normal vibrated 
concrete within the experimental program carried out at the UTCN Laboratory while 
Figure 5-5 shows the values determined by the UGent Magnel Laboratory. 
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Figure 5-3 UTCN Self-compacting concrete 
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Figure 5-4 UTCN Vibrated concrete 
Chapter 5 : Constitutive models   
192 
 
 
 
10 12 14 16
0
10
20
30
40
50
60
 Elighehausen
 Soroushian
 Huang
 Oh
 Desnerck
 Harajli
 Chapman
 MC2010
 Rez.exp.
   SCC5  
 
 
Ul
tim
a
te
 
bo
n
d 
st
re
n
gt
h 
[M
Pa
]
Bar diameter [mm]
10 12 14 16
0
10
20
30
40
50
 Elighehausen
 Soroushian
 Huang
 Oh
 Desnerck
 Harajli
 Chapman
 MC2010
 Rez.exp.
      SCC6      
 
 
Ul
tim
a
te
 
bo
n
d 
st
re
n
gt
h 
[M
Pa
]
Bar diameter [mm]
10 12 14 16
0
10
20
30
40
50
 Elighehausen
 Soroushian
 Huang
 Oh
 Desnerck
 Harajli
 Chapman
 MC2010
 Rez.exp.
      SCC7      
 
 
Ul
tim
a
te
 
bo
n
d 
st
re
n
gt
h 
[M
Pa
]
Bar diameter [mm]
10 12 14 16
0
10
20
30
40
50
 Elighehausen
 Soroushian
 Huang
 Oh
 Desnerck
 Harajli
 Chapman
 MC2010
 Rez.exp.
      SCC8      
 
 
Ul
tim
a
te
 
bo
n
d 
st
re
n
gt
h 
[M
Pa
]
Bar diameter [mm]
 
10 12 14 16
0
10
20
30
40
50
60
 Elighehausen
 Soroushian
 Huang
 Oh
 Desnerck
 Harajli
 Chapman
 MC2010
 Rez.exp.
      SCC9      
 
 
Ul
tim
a
te
 
bo
n
d 
st
re
n
gt
h 
[M
Pa
]
Bar diameter [mm]
10 12 14 16
0
10
20
30
40
50
60
 Elighehausen
 Soroushian
 Huang
 Oh
 Desnerck
 Harajli
 Chapman
 MC2010
 Rez.exp.
      BAC10      
 
 
Ul
tim
a
te
 
bo
n
d 
st
re
n
gt
h 
[M
Pa
]
Bar diameter [mm]
 
Figure 5-5 UGent self-compacting concrete 
 
Initially, the figures above show that the equations which consider the influence of 
bar diameter or bar ribs evaluated the variation of strengths more efficiently along with 
an increase in bar diameter, both for self-compacting concrete and for normal vibrated 
concrete. The closest values were expressed by Soroushian [129] and Desnerck [131], 
yet both significantly underestimate the experimentally determined bond strength 
values. In fact, this observation may be applied generally to most equations, the latter 
underestimating the value of average bond strength. Only the equation showcased by 
Oh [133] for the SCC1 – SCC4 and VC1 and VC2 concretes generates a strength 
overestimation. Yet, this tendency disappears for SCC5-SCC10 concretes, the values 
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obtained for the latter being significantly higher compared to the ones expressed 
through literature equations.  
This difference may be due to two reasons, one may be the influence of concrete 
mechanical characteristics, but the difference between SCC1-4 and SCC5-10 concrete 
characteristics is small compared to the differences recorded for the ultimate bond 
strengths. This observation enables to explain the differences between the two test 
series. The second reasons, much more plausible, is that of reinforcement geometry. 
This fact was recently supported by Silva Filho [138] who studied the influence of each 
reinforcement characteristic parameter on the bond phenomenon, concluding that the 
main factor influencing bond strengths, and to even double such strengths, is rib height 
linked to the distance between ribs. As may be observed in table 4.14, the only 
parameter which significantly varied for the two reinforcement types was rib height, the 
distance between ribs showing relatively close values in both cases. 
As a result of these statements, we may conclude that although the models 
presented above do not consider the variation of rib height, this plays a very important 
role and would require future equations assessing bond strengths to include the 
influence thereof. This type of equation was developed by analysing the results 
obtained for self-compacting concrete within this doctoral thesis (eq. 5.57). The 
equation was developed by performing a statistical analysis differentially applied for the 
average values and the normal distribution of strengths. The equation was also 
optimized by comparing it to all the results obtained. At this point it is difficult to assess 
the influence of rib height due to the small number of reinforcement types used within 
the studies conducted herein and also due to the lack of literature documentation. As a 
result of these shortcomings, the equation rather aims at presenting the rib height 
influence by adapting the exiting literature equations to the results obtained. 
Furthermore, this equation is designed as a starting point for future research implying 
tests with the main objective of optimizing the equation. 
Although it also represents an important factor, due to the risk of influence in the 
manner of failure on the ultimate bond strength, the equation does not include the 
influence of reinforcement anchorage length, thus only being optimized for results 
obtained for a 3 diameter anchorage length subject to a reinforcement pull-out failure. 
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5.36 
Where:  τ123 - maximum bond strength  
c - distance between reinforcement ribs 
h -reinforcement height 
fc -medium compressive strength 
 
Figure 5-6 presents the ratio between the results obtained following the 
experimental program and the results obtained from applying equation 5.36 to all 
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concretes tested. Note that unlike models showcased in the literature which 
underestimate bond strength, the equation generates relatively close values to the ones 
recorded. This was possible by the optimization thereof using the average values and 
the ones resulting from the analyses by applying their normal distribution function, thus 
again noting the intent to only show the influence of certain parameters on the bond 
strength phenomenon and not show a calculation model implying its optimization for 
several types of reinforcement and a higher number of elements, as well as to consider 
other parameters such as anchorage length or anchorage conditions. 
Also, result spread is high due to the high number of parameters observed during 
the two experimental programs. Some of these parameters, such as bar diameter, 
distance between ribs, rib height or compressive strength were taken into account in 
Equation 5.57. However, it should be noted that parameters such as anchorage length, 
different deformation capacity and fresh concrete flow as well as the vertical and 
horizontal position of bars in the elements exerted an influence on the results. Due to 
the impossibility of taking into account all these influences, a fairly high variation of 
results was reached for the ratio between the mean of ultimate bond strength measured 
and calculated for a maximum of 1.15, and in the opposite part, a minimum of 0.86. 
As a conclusion, we may say that although the variation of results obtained within 
the experimental programs is quite high, Equation 5.57 is a starting point in terms of 
assessing ultimate bond strength between self-compacting concrete and reinforcement 
bars, taking into account their geometrical characteristics. More detailed, the equation 
provides additional elements by taking into account the influence of rib height relative to 
the reinforcement bar diameter and connected to the distance between ribs and the 
compressive strength.  
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5.2.2 Determining the ultimate slip value  
 
The ultimate slip is defined as the slip registered upon reaching the ultimate bond 
strength. As presented in the previous chapters, it can be influenced, to some extent, 
by the diameter and the type of bar and also by the mechanical characteristics of the 
concrete. The models present in the existent literature (Paragraphs 5.1 – 5.2) offer little 
information regarding the determination of the ultimate slip value; the majority of such 
models show a constant value or a value which is dependent on the clearance between 
the reinforcement ribs. Figure 5-9 shows a transposition of the specifications of the 
models present in the literature overlapped with the arithmetic mean of the values 
determined for the 6 types of reinforcements used for all of the 10 self-compacting 
concrete mixtures.  
The figure shows that the results are widely spread, and although a slip increase 
tendency can be observed once the rib spacing increases, no direct relation between 
the two can be established.  Based on these affirmations we can conclude that, in our 
case, the models proposing a constant value for the ultimate slip are more appropriate. 
Thus, following a statistical analysis which took into account the normal distribution of 
the values and also after observing the occurrence frequency of the values, a 1.07 mm 
ultimate slip value resulted as being the most probable, without being influenced by the 
geometrical characteristics of the reinforcement or by the concrete properties.  
 Smax = 1.07 mm
 
5.37 
It shall be mentioned that this value resulted after testing 10 concrete types which 
were considered to be high-strength concretes or close to the high limit of normal 
concrete types, in what regards the compressive strength. It shall also be mentioned 
that, due to the test method used, the anchorage conditions may be considered good 
for both studies and the high level of concrete coating of the reinforcements ensured an 
average reinforcement confinement. These observations situate the value very close to 
the existent Model Code 2010 [17] or Oh [138] specifications, which show a value of 
1.00 mm or 1.04 mm, respectively. 
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5.2.3 Proposed model for determining the bond strength-slip relationships  
Figure 5 – 10 shows a comparison of the bond strength-slip relations determined 
within the two experimental programs and within different constituent models that can 
be found throughout literature. In this case too, the compared results are those that 
have been obtained for the elements which had an anchorage length equal to 3 bar 
diameters (the elements which showed signs of failure by cube splitting have also been 
eliminated). A correlation between the two experimental programs was intended, due to 
the different types of reinforcements used, so that an equation for determining the 
ultimate bond strength could be presented. Such equation shall take into account new 
parameters, such as rib height, which cannot be found in the existing specifications or 
models.    
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Figure 5-8 Comparison of the determinant bond strength – slips relations and the 
existent models  
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If we look at Figures Figure 5-3, Figure 5-4, Figure 5-5, as well as Figure 5-8, we 
can observe that if we apply the specifications of the existing constituent models on 
elements tested using the cube pull-out method in the UTCN laboratory, the values 
determined by calculus are fairly close, by comparison, to those resulted after testing 
the elements. If we are to make a comparison between these two models, it seems that 
the model proposed by Huang [133], which is actually an adaptation of the model 
proposed by Eligehausen [18] for high performance concrete, is closest to the values 
recorded after testing the 4 types of concrete being used. On the other hand, if we are 
to compare these models with the results obtained by pull-out tests carried out on walls, 
we can observe that all models greatly underestimate the recorded values, but the rate 
of curve of the model proposed by Huang is again, the closest. These observations 
have made this model as the most appropriate starting model for the achievement of a 
new model which can be applied to the results obtained for the self-compacting 
concrete mixtures.    
However, in order to achieve this new model, which should draw nearer to the 
obtained results, adjustments of the Huang model were needed. These adjustments 
were carried out for parameters such as the ultimate bond strength, ultimate slip, as 
well as the angle of the strength-slip curve. Adjustments of the slips were also 
necessary: -S1 (the slip from which the constant variation starts), - S3 (the slip at which 
the downward slope ends).   
The considerations on which the adjustments of the Huang model were made have 
come from observing the provisions of the other constituent models and by adapting 
them to the experimental results. For example, if Huang proposed that the maximum 
bond strength should be determined only in terms of compressive strength, in our case, 
as presented in Paragraph 5.3.1, it was decided that the model proposed by Desnerck 
be used [136], by modifying the influence of the rib spacing and the diameter. The 
assertions presented by Silva [145] were also taken into consideration, by adding a 
new term which takes the rib height into account. In what regards the characteristic 
slips of the model, the variant described by Huang was chosen, by presenting two 
constant values equal to 0.47 of the maximum slip for S1 and 1.87 for S2. The value of 
the S3 slip was also estimated as being equal to 8 mm, but due to the fact that the test 
method did not allow for the analysis of this value (sometimes test were stopped before 
reaching this slip), the value is only an estimate which resulted from observing the 
optimum downward slope; a more detailed analysis of this value is thus needed. The 
same considerations shall also be applied in the case of the T3 friction stress, which 
was determined by applying the equation presented by Harajli [135]. Furthermore, by 
observing the experimental results and the models presented by Oh [138], Harajli [135] 
and Huang [133], we decided to use a 0.30 value for the angle of the upward part of the 
bond strength – slip curve. Table 5 -10 shows a summarization of these values, while 
equations 5.59 – 5.61 show the mathematical relations which describe the presented 
model. 
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Table 5-5 Model for determining the bond strength – slip relations  
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A further verification of the proposed model shall be performed by applying it to 
some of the tested configurations within the two experimental programs (further 
comparisons may be found in Annex 5).    
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Figure 5-9 Overlapping of the experimental results with the proposed mathematical 
model  
 
In addition to these comparisons, a comparison with the available results was 
intended, but due to the different parameters studied in their experimental programs, 
most authors did not grant too much importance to the rib height and therefore did not 
specify, in their works, details related to the height of the ribs and to the relation 
between these and the reinforcement bars’ diameter. Furthermore, by examining the 
results obtained by authors like Almeida, Desnerck, Castel, as well as others, 
presented in Paragraph 3.4, Chapter 3, the bond strength values determined during the 
wall-conducted experimental program were determined as significantly higher than the 
values recorded by such authors (in some studies, the bond strengths reached values 
of up to 40 MPa while in our case, they even reached 60 MPa). A first reason as to the 
cause of this difference might be the different configuration of the elements tested in 
this experiment, which ensured a higher degree of confinement for the reinforcements. 
Apart from this, in the majority of studies, the anchorage length was higher than the one 
used in this study and if we consider the information presented in the above 
paragraphs, related to its influence, we can assert that the small anchorage length 
enabled increased strengths, in comparison to those determined by other studies. 
Another reason could be the different geometry of the reinforcements used, which, as 
presented by Silva [145] is another key factor. Furthermore, as presented in Chapter 4 
Paragraph 4.4 the concrete applied using this pouring method can have a higher 
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compaction capacity, as compared to the concrete poured in small elements or the one 
poured from the upper part of the elements, through the conventional method. This 
compaction can ultimately lead to a significantly increased bar anchorage capacity.  
As a conclusion, we can say that the proposed model offers a good interpretation 
of the experimental results obtained during the two experimental programs in which a 
number of 10 self-compacting concrete mixtures with average compressive strengths 
between 40 MPa and 80 MPa and a number of 550 bars in total were tested using the 
pull-out method. However, it shall be mentioned that the model firstly requires 
confirmation by applying it to the results obtained by other experimental programs. The 
model shall also be optimized by including parameters such as anchorage length and 
by testing it on a wider range of concrete types, with different fresh and hardened 
properties. 
 
Chapter 6 : Conclusions   
201 
 
6. Conclusions and Personal Contributions 
 
This chapter features the results, conclusions and contributions obtained during 
the two research programs considered within the doctoral research project. The first 
part of the chapter aims to generally describe the doctoral thesis content, followed by a 
submission of conclusions drawn throughout the 5 chapters which included analyses 
and interpretations of the bond phenomenon for vibrated concrete and self-compacting 
concrete. The second part of the chapter also provides a presentation of the main 
future work directions which resulted from result interpretations and which were not 
directly answered within this study.  
 
6.1 Synthesis 
This paper covers a research study on the bond phenomenon for self-compacting 
concrete, being structured in three major parts. The first part is theoretical and spans 
over two chapters. The initial section of this part provides references to aspects such as 
materials comprising SCC, concrete mixture design or self-compacting concrete fresh 
and hardened properties. The second chapter of this theoretical part refers to the bond 
phenomenon, for both vibrated concrete as well as self-compacting concrete, focusing 
on the main factors influencing this phenomenon and also on the factors which 
represented a real interest in terms of their study during the experimental phase.  
The second part of the thesis is experimental and includes the presentation and 
interpretation of results from the two experimental programs conducted within this 
study. The initial experimental program was done on cubes according to the pull-out 
method featured in the RILEM specifications. The main objective of this program was to 
provide a comparison between the bond phenomenon for self-compacting concrete and 
vibrated concrete by testing 4 self-compacting concretes and 2 vibrated ones. The 
influence of several parameters was observed for each of these concretes, such as bar 
diameter, anchorage length or concrete casting direction. The second experimental 
program focused on observing the influence of using the pumping method from the 
bottom part of the elements on the bond of bars arranged according to element length. 
The tested elements were wall type while the testing method used was pull-out type. 
The parameters modified during this study were the fresh concrete properties (two 
slump flow classes were used), the hardened concrete properties (3 compression 
classes) as well as the diameter of reinforced bars (three diameters). 
The third part of the thesis provides a centralization of results obtained during the 
two experimental programs. This part was designed to compare the experimental 
results with the mathematical models found in literature and also the development, 
following analyses, of an adapted mathematical model based on the existing models 
and on the experimental results recorded in the two programs conducted.  
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6.2 Conclusions and personal contributions 
 
 The following provides a review of the main conclusions observed during the 
analyses conducted, while highlighting the personal contributions of the author hereof. 
The formulation of such conclusions is structured in an initial phase (service state), 
intermediary phase and also ultimate state behaviour. All these, separately for each 
individual experimental study, and followed by a presentation of analyses for all results 
obtained within the two studies as well as their implementation in a mathematical 
model.  
 
PULL-OUT TESTS CONDUCTED ON CUBES 
  
The influence of reinforcement bars and their anchorage length was observed for 
each concrete type, SCC and VC. Furthermore, aside from the aforementioned 
parameters in self-compacting concretes SCC2 and SCC3 and in vibrated concrete 
VC2, the influence of the casting-testing direction relative to the reinforcement bar was 
observed. The following provides a review of observations concerning each parameter 
studied for such concretes.  
 
The influence of the concrete type on the strength-slip relations 
 In terms of initial stresses (service state behaviour) for low loading levels the 
conclusion drawn is that self-compacting concrete showed a higher bond strength 
take-over capacity for low slips. The difference between the two types of concrete 
ranged between 65% and 75% for Series I and lower, of 4-48% for Series II. This 
behaviour was observed until reaching a slip of about 0.25mm, followed by a 
decrease in difference between the two concrete types.  
 
 The ultimate bond strengths were mostly recorded to be higher in case of self-
compacting concrete, with differences reaching in some cases 21%, thus leading to 
the conclusion that self-compacting concrete may provide increased ultimate bond 
strengths compared to vibrated concrete. It was also concluded that in case of 
lower compressive strengths (≈50MPa), the difference between SCC and VC was 
greater and it decreased, even reaching the zero value, in case of high strength 
concretes (≈75MPa).  
 
 The ultimate slip value was higher for self-compacting concretes with values 
increased by approximately 35%. This behaviour was influenced by the increased 
tensile strength of self-compacting concrete which may, to some extent, influence 
the ultimate slip by increasing the passive confinement capacity.  
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 For the elements characterized by high anchorage lengths and diameters, a split-
off tendency was observed, and it aggravated with the increase of compression 
strength. As a result of assessing the split-off elements, differentiated for each 
diameter and anchorage length, one may conclude that vibrated concrete showed 
a greater number of elements subject to split-off failure, thus presenting a slightly 
increased splitting tendency as opposed to self-compacting concrete; however, 
these differences were minor.  
 
The influence of bar diameter 
 In terms of influence of the reinforcement bar diameter, a bond strength decrease 
tendency was observed along with an increase in diameter for both self-compacting 
concrete as well as for vibrated concrete. This behaviour was observed when the 
diameter was increased from 10 to 12mm as well as from 12mm to 14mm. The 
behaviour was close for both concrete types, thus the resulting conclusion is that 
no major behavioural difference exists between the two types on concrete in terms 
of ultimate bond strength variation along with modifying reinforcement bar 
diameter.  
 
 By increasing the bar diameter, a decrease tendency for ultimate slip was observed 
with values reaching 50-60%, for both SCC and VC, without the possibility of a 
clear differentiation between the two concrete types.  
 
 
Influence of the anchorage length 
 For both types of concrete, SCC and VC, along with an increase in anchorage 
length from 3 bar diameters to 4 and then 5, a decrease tendency was observed for 
the ultimate bond strength.  
 
 We also observed that with the increase in compressive strength corroborated with 
the increase in anchorage length for both SCC and VC, the manner of element 
failure changed from element pull-out to element split-off. Once the elements 
subject to such behaviour were eliminated, the variation of ultimate bond strength 
determined for the two types of concrete was close, with the difference not 
exceeding 7%. In conclusion, after the statistical analysis conducted, no practical 
difference was observed between self-compacting and vibrated concrete behaviour 
in terms of ultimate bond strength variation along with the modification in 
anchorage length. 
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 The influence of anchorage length on the slips, both initial and ultimate, is missing 
for both types of concrete, thus reaching the conclusion that an increase in bar 
anchorage length does not affect the slip recorded.  
 
Influence of the casting-testing direction 
 In terms of ultimate bond strength along with modifying the casting direction from 
perpendicular to longitudinal, the recorded bond strength was increased. The 
strength increase percentage varied from 18% to 63% for SCC and from 20 to 34% 
for VC, thus resulting in a significant increase for self-compacting concrete from 
one casting direction to another.  
 
 In terms of service state behaviour, SCC showed a better stress take-over 
capacity. For a 0.01mm slip, the bond strength recorded for SCC was greater by 
percentages ranging from 20% to 80%.  
 
 When the ultimate slip was observed, both types of concrete showed the same 
decrease due to modifying the casting direction. As a result of analyses no clear 
distinction was made between the two concrete types in terms of the influence of 
the casting-testing direction on the ultimate slips recorded by the reinforcement. 
 
 
Smooth bar bond in self-compacting concrete 
 In terms of ultimate bond strength, the smooth bars showed a different behaviour 
from ribbed bars. For 5 out of 6 concretes tested, SCC and VC, the bars with a 
12mm diameter showed greater bond strength than those with a 10mm diameter. 
However, one must mention that the same behaviour was not recorded for low 
loading levels, the strengths determined for bar slips of up to 0,25mm were greater 
for 10mm bars, compared to 12mm bars. 
 
 During a comparison conducted between the two concrete types, self-compacting 
concrete showed increased ultimate bond strength compared to vibrated concrete. 
Also observing that the difference between vibrated concrete and self-compacting 
concrete is visible for lower compression strengths and disappears in case of 
higher ones.  
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THE INFLUENCE OF CONCRETE FRESH PROPERTIES 
 
Influence of the concrete slump capacity on the bond 
 For small and medium load levels, where the reinforcement slip did not 
exceed 0.1 mm, a change in the behaviour at the end of the elements (for 
both types of concretes, high and low slump flow capacity) was observed. 
This phenomenon was accentuated for the end zone of the elements 
(~400 mm), where a decrease of the bond strength up to as much as 55% 
was observed. 
 
 The observed decrease in bond strength could be attributed to the flow 
history of the concrete, inducing air voids and dynamic segregation, 
depending on the fresh concrete properties. 
 
 The same behaviour was found when the characteristic bond strength was 
evaluated. The recorded values tend to decrease near the end faces of the 
elements. The recorded decrease was close to 30%.  
 
 For ultimate bond strength, a smaller decrease was recorded, the 
differences being not higher than 17%.  
 
 When the ultimate slip was analysed, no influence was observed of the 
slump flow capacity or compressive strength, the recorded values varying 
in the range of 1.00 mm ± 20%. 
  
 
Influence of the vertical reinforcement position 
 Following the analyses of experimental data, the conclusion reached stated that 
due to the tested concrete fresh properties and also to the relative low height of the 
elements, the ultimate bond strength decrease due to concrete settlement was low, 
not exceeding 10%, thus reaching a bond strength correction factor of 1.10  
(bottom related to top). 
 
 For low slip values (service state), the difference between the bond strength 
determined for the bottom part and top part of the element were high, reaching 
even ≈25% for a 0.01mm slip. The differences became smaller in the case of 
ultimate bond slip, arriving at a value of not more than 10%.   
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Bar diameter influence 
 A bond strength decrease tendency was observed along with the increase in 
reinforcement bar diameter with values varying from 7% to 28%.  
 
 Note that for concretes with a higher slump capacity the decrease in bond strength 
from one diameter to the other was approximately 10%, which is lower than for 
concretes with a lower slump for which the decrease reached 19%. Thus drawing 
the conclusion that in case of concretes with lower deformability, the risk of ultimate 
bond strength decrease is aggravated along with the increase in bar diameter.  
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MATHEMATICAL MODELS FOR BOND DETERMINATION 
 As a result of comparing the experimental data with the mathematical models in the 
literature, the conclusion drawn states that models considering the influence of bar 
diameters or rib sizes evaluate the variation of ultimate bond strength for both 
concrete types tested (SCC and VC) in a more efficient manner.  
 
 Due to the significant difference between the geometrical characteristics of 
reinforcements used for the two experimental studies, the values of ultimate bond 
strength varied greatly. Following the comparison between the results and the 
literature studies, we observed that the greatest influence on the strengths was 
exerted by rib height, which in our case varied by approximately 100% from one 
study to another. Thus, we have reached the conclusion that although the literature 
models fail to take into account the variation of rib height, this variation plays a 
crucial role and requires that future equations evaluating the ultimate bond 
strengths to incorporate the influence thereof.  
 
 The statistical assessment of results led to an equation which simulated the bond 
of self-compacting concrete. The equation is a starting point in terms of assessing 
the ultimate bond strengths for self-compacting concrete, with an addition to 
existing models by considering the influence of rib height relative to the bar 
diameter 
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 Where:  τ123 -maximum bond strength 
c -distance between reinforcement ribs 
h -rib height 
fc -medium compression strength 
 
 As a result of analyses conducted based on the results obtained during the two 
experimental programs, the conclusion reached is that in terms of ultimate slip, the 
models proposing a constant slip value are more suitable for its assessment. Thus, 
following a statistical analysis, the following ultimate slip value was determined: 
 
Smax = 1.07 mm 
 As the final research result, a mathematical model was formulated to assess the 
bond of self-compacting concrete. The model provides a correlation between 
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results and the model presented by Huang for the high performance concretes, by 
also considering the specifications of other models in the literature.  
 
 Following the overlapping of results determined through the mathematical model 
and those determined experimentally, we may state that the model proposed 
provides a proper interpretation of the results obtained during the two experimental 
programs, which included the testing of 10 self-compacting concrete mixtures with 
medium compressive strength between 40MPa and 80MPa, for which a total of 
over 550 bars were tested through the pull-out method. However, we must mention 
that the model initially needs a confirmation phase by applying it to other 
experimental programs for results obtained. Moreover, the model must also be 
completed by including parameters such as anchorage length. It also requires an 
optimization for a wider range of concretes with different fresh and hardened 
properties. 
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6.3 Future course of action 
 
Throughout this doctoral study, the author gained certain knowledge, both 
theoretical and practical, concerning the manner of elaboration, management and 
presentation of an experimental study regarding the properties of self-compacting 
concrete. As a result of concluding the theoretical part hereof, observations were made 
referring to: the materials used for self-compacting concrete composition, the principles 
underlying the sizing of self-compacting concrete mixtures, the main properties of fresh 
SCC and the testing methods thereof, the physical and mechanical properties of self-
compacting concrete with a detailed input on its bond with the reinforcement. The 
paragraphs comprising the description and interpretation of results obtained during the 
two experimental programs enabled the author to refer to the aforementioned 
theoretical aspects and their correlation with the experimental results obtained by 
performing such tests in the two laboratories mentioned.  
Based on the analyses conducted and the conclusions drawn, the author believes 
that both benefits and drawbacks were shown, through the bond phenomenon, incurred 
by the use of self-compacting concrete. Below we have outlined several future research 
actions resulting from the analysis of experimental data which the author believes might 
lead to a better understanding of the bond phenomenon between the reinforcement 
bars and the self-compacting concrete: 
 
 A first research action implies the numeric modeling of results obtained 
and the consolidation thereof by testing beam or slab type large elements, 
a modeling necessary to further highlight the benefits provided by self-
compacting concrete from a structural perspective.  
 
 Another future action focuses on increasing the parameters observed by 
comparing the results obtained during the experimental program carried 
out in the UTCN Laboratory with the results obtained for the same self-
compacting concrete mixtures but using at least two other element 
configurations (beam-test and pull-out for confined cubes). 
 
 Moreover, from the results obtained, the study of pumping method 
influence on mechanical properties, especially the bond along the element 
length, continues to generate an interest. This may be performed by 
simulating concrete flow using 2D and 3D flow models, followed by 
forming a connection between the distribution of particles and physical and 
mechanical concrete properties. Such models, subject to being confirmed 
by experimental results, may be used in practice to determine the 
maximum sizes of the elements where the concrete may be pumped into, 
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pipe pressure, determining the optimum distance between the pumping 
valves etc.   
 
 Another future action, following from the comparison of the results 
obtained within the two experimental programs, is the development and 
optimization of the mathematical model proposed by considering a great 
number of parameters such as: the anchorage length, the type of 
reinforcement or self-compacting concrete with a higher variation of fresh 
properties as well as that of mechanical properties. 
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8. ANNEXES 
8.1 ANNEX 1 - Mix design methods 
8.1.1 General method 
Is a simple “step by step” method developed by the Japanese researchers of the 
University of Tokyo (Okamura, Ozawa, Ouchi, et al) [3]. The method was developed for 
a limited number of materials used within the research program undertaken by the 
same. The method applies to materials not falling within the following parameters: 
coarse aggregate with a size varying from 5mm to 20mm, fine aggregate (sand) with a 
maximum size of 5mm, a high cement content, self-compacting is only achieved by 
adding superplasticizer powders, no viscosity admixtures were used. The method 
considers the incorporation of an amount of air between 4 and 7% necessary for the 
first step of the freeze-thaw resistance [3]. In order to obtain a concrete capable of 
meeting the requirements regarding filling capacity, pass through or viscosity, the use 
of this method must observe certain aspects found in the following steps:  
 
a) Air content is determined depending on exposure conditions (for normal cases 
2%) 
 
b) The quantity of necessary coarse aggregate is determined at 50% from the 
solid concrete volume.  
 
c) The sand volume is set at 40% of the resulting mortar volume, particles with 
sizes less than 0.09mm shall be considered as fine powders, being including in 
sizing such content. 
 
d) Followed by the determination of the optimum water/powder ration through a 
series of tests performed on paste and mortar. 2 parameters are observed in 
this study, slump and flow rate [2]. As starting values, recommended value 
used is a 0.9-1.0 water/powder ratio. The considered powders are: cement, 
mineral additives and the fine part of aggregate composition.  
 
e) The superplasticizer content is determined by tests performed on mortar until a 
flow time of 9-11 seconds and a relative flow area (final area-initial area) of 
about 5 are achieved. These results are deemed as sufficient to commence 
concrete testing. 
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f) Achieving concrete composition, testing and optimization thereof. Is the step 
where the concrete composition is completed by adjusting the ratio used until 
reaching the desired properties. Oftentimes the modified parameters are the 
water/powder content or the superplasticizer content. Only if such modifications 
provide no aid in achieving the properties does one recommend the modifying 
the cement and powder properties or the ratio between aggregates. 
This was the first method proven as effective for sizing the first self-compacting 
concrete mixtures, yet it is deemed to produce a greater volume of paste and a higher 
consumption of fine part. Some studies [52] consider the values resulting from the use 
of this method as reference values, and they require adjustment by applying other 
methods or studies from the specialized literature.  
Many studies tried to improve the method by difference means. One of them is the 
one conducted at “Kochi University of Technology” where Edamatsu, Nishida and 
Ouchi developed the general method by optimizing the process of determining the 
necessary sand quantity. In case of the general method, this quantity is set at 40% of 
the mortar volume, which leads to a greater paste quantity. They used the “V Funnel” 
test for the concrete preliminary testing and the interaction between the aggregate and 
mortar was simulated by the introduction of 10mm glass beads. The method was tested 
for different types of powders such as cement, fillers or slag. The method proved to be 
efficient in most cases, the application resulting in a necessary sand quantity lower than 
40%, and leading to lower paste content [3]. 
A further improvement of the general method was achieved by Ouchi et al at the 
University of Tokyo, as they developed a method for a more efficient determination of 
the water/powder ratio and the superplasticizer dosage by determining each 
independent parameter, thus decreasing the number of tests. The method consists of 
testing the slump and flow rate on mortars and of determining the two characteristics: 
medium flow rate Rm and deformability Γm. A certain proportionality exits between these 
two parameters: linear when the assessment is performed for the mass and non-linear 
when it is performed for the volume. The method provides a decrease in the number of 
tests and moreover offers a greater robustness for the general method. The method 
does not address the influence of using viscosity admixtures [3].  
Tests for improving the general method were also performed at the University of 
Delft, where as a result of testing, Pelova et al found that the quantity of coarse 
aggregate may be increased to 60% of the bulk density, leading to a decrease in the 
paste content by approximately 10%. The tests were performed for concretes 
comprising of local materials, the maximum aggregate size being 16mm [3].  
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8.1.2 CBI method (Swedish Cement and Concrete Research Institute) 
The method was developed by Billberg and Petersson in Sweden, being a method 
which varies significantly compared to the general method due to the principle used in 
determining the aggregate content. The method considers concrete as being produced 
in a solid phase represented by the aggregate and a liquid paste phase consisting of 
powders, water and additives [2]. The main objective of this method is to produce an 
efficient mixture in order to optimize the interaction between the two phases, providing 
advantages such as: 
• considering the grading curve of all aggregates; 
• eliminating the influence of property difference between the aggregates used, 
being applicable to any grain size for both coarse aggregates as well as for 
sand; 
• considering the placement conditions by including the ratio between the 
maximum and minimum aggregate size through which concrete must pass 
through.  
 
 The method is based on several stages for sizing the concrete mixture, initially 
observing the sizing of the aggregate content and determining the necessary paste 
volume, while the paste composition is also definitive, and finally testing and optimizing 
the concrete. The following lines provide a brief overview of the methodology followed 
in this method.  
 
A. Assessment of the blockage risk 
 
 It is based on the principle according to which the total blockage risk may be 
obtained by initially considering the individual risk for each individual aggregate, and 
then undertaking an assessment of the general risk depending on the following criteria: 
 
1. Each individual aggregate has minimum volume associated to the paste volume, 
so that blockage occurrence is avoided when the concrete must overcome certain 
obstacles. This “blockage volume” depends on factors such as: the ratio between the 
sizes of the hole through which the particle diameter must pass. The particle shape and 
the ratio between its size and the reinforcement bar diameter being otherwise 
considered as independent from paste properties, thus the occurrence of static 
segregation is virtually impossible [2].  
 
2. For a certain concrete mixture, the ratio between the sum of ratios between the 
volumes of each aggregate and its minimum volume renders the blockage risk (for an 
adequate mixture this amount must be less than 1, ec.8.1 [3].  
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Where:  nai – the volume of a single sort of aggregates, may be determined by the grading curves 
  nabi – blockage volume specific for this aggregate; 
  Vabi – blockage volume for a type of „i” aggregate; 
  Vt – total aggregate volume;  
 
 The values of the nabi were initially determined experimentally by Ozawa et al as 
well as by Tangtermsirikul and Van, by tracing the diagrams shown in Figure 8-1 [2]. 
The figure represents the relation between nabi and the ratio between the free spacing 
between reinforcements (c) and the diameter of aggregates for which the assessment 
is conducted (Daf determined according to equation 8.3), K is the ratio between the bar 
diameter and the maximum aggregate size. 
Block of aggregates
No blocking
K
c/Daf
n
ab
i  
 
 
Figure 8-1 Determining the favourable area 
 
 ( )11 75.0 −− −⋅+= iiiaf MMMD  8.3 
 
maxD
K φ=  8.4 
Where: M represents the mesh size, Mi-1 being the lowest level and Mi a level higher than the unit 
assessed; Φ – bar diameter; Dmax – maximum aggregate diameter 
 
 
The aggregate volume for each particle size may be determined by the grading 
curves and the specific aggregate weight. If the specific weight for each aggregate is 
known, the total weight of the aggregates may be expressed by volume, further being 
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related to the concrete volume. Finally, we may determine the nai volume from the 
necessary paste resulted and with the help of equation 8.1.  
B. Determining paste composition 
 
 After determining the required amount of paste, the amount of cement is 
determined through the requirements necessary to meet the physical and mechanical 
properties. The difference between the necessary powders resulted and the necessary 
cement leads to the necessary amount of filler. However, it must be mentioned that for 
a larger filler/paste quantity, a larger amount of superplasticizer is also necessary, 
which leads to higher concrete production costs. The amount of filler as well as the 
amount of superplasticizer is determined by carrying out mortar tests in a mortar 
viscometer [3]. 
 
C. Optimizing concrete properties 
 
 This stage assesses the fresh properties of newly produced concrete. The tests 
performed are the most widespread (Dmed> 700mm), flow rate (T500) – a higher rate 
indicates a reduced stability with the possibility of segregation. Finally, the pass through 
capacity is determined (blockage risk) by means of the L box, the value of the 
determined ratio (H2/H1) must exceed 0.8 [2]. 
 The method is quite accurate in determining concrete mixtures, yet it must be 
mentioned that it was designed for mixtures comprising of dolomite fillers, which leads 
to an increased attention when intending to use another type of additive. Moreover, the 
method provides no specification regarding the use of viscosity modifiers, being thus 
applicable only to powder-based self-compacting concretes. 
  
8.1.3 UCL method (University College London) 
Was developed at the research centre of the “University College London” and is 
based on the experience and understanding of self-compacting concrete behaviour 
included over time in the design methods presented by different authors. The method 
was generally developed for those who are rather new to the sizing of SCC but are 
experienced in sizing VC and have access to the minimum equipment necessary in a 
standard concrete laboratory [2].  
 The method is classified as step by step and is based on initially determining a 
mixture, followed by the testing and optimization thereof in a laboratory. The main 
innovation this method brings is that of mortar tests (slump and V funnel) in order to 
determine the water/powder ratio or the admixture amount. After the exact 
determination of these parameters, the next stage is the actual concrete testing. The 
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method may be considered as more economic in terms of time and materials used. As 
in most cases, this method also has certain restrictions concerning materials and may 
be used confidently for a concrete comprising of coarse aggregate with a maximum 
size of 16-20mm, method also including certain specifications for aggregates with a 
maximum size of 8 or 10mm. The maximum sand size must be 4mm or 5mm, as the 
method is applied for both natural aggregates and quarry aggregates  
 The procedure implies the use of certain tests such as flow rate and slump for 
mortar and flow rate and slump, segregation strength and passes through ability for 
concrete.  
 
 The method may be divided into several steps:  
 
1. Specification of properties necessary for concrete:  
• slump,  
• pass through capacity,  
• segregation strength, 
• other properties depending on each individual application. 
 
 
2. Definition of materials used by specifying properties such as: 
• Types of aggregates used, 
• Aggregate grading curves, 
• Cement type, 
• Admixtures and the combination desired between admixtures and cement, 
• Superplasticizer type, 
• Viscosity modifier type (if used), 
• Density of all materials (relative and bulk). 
 
3. Vac coarse aggregate content – is selected depending on the fresh properties 
desired from Table 8-1:  
 
Properties to be met by concrete according to 
EFNARC [87] 
Initial amount of coarse 
aggregate 
(% din vol.) 
Slump 
Viscosity 
V Funnel time 
Pass through ability – J ring 
(equivalent to L box) 
* distance between bars ; 
** maximum values 
necessary for admixtures 
with PA1 or PA2 
requirements 
59 mm* 41 mm* 
Any 
(SF1,SF2,SF3) 
unspecified unspecified 38 
Chapter 8 : Annexes  
 
227 
 
Any 
(SF1,SF2,SF3 
≤8s (VF1) 
unspecified 
30 
>8 and 
≤15s(VF2) 
35 
>15s (VF2) 38 
<700mm 
(SF1/SF2) 
<8s 
(VF2**) 
<15mm (PA1)  
Possible mixture 
 
700-750mm 
(SF2) 
34 
>750mm 
(SF3 
38 
<700mm 
(SF1/SF2) 
<4s 
(VF1**) 
 
<15mm 
(PA2) 
Possible mixture 
 
700-750mm 
(SF2) 
32 
>750mm 
(SF3 
35 
 Table 8-1 Recommended values for the coarse aggregate, see [2] 
 
4. Amount of fine aggregate (sand) Vfa  
The aggregate volume is determined as 45% of the resulting mortar volume: 
 
 ( )cafa VV −⋅= 10045.0(%)  8.5 
 
 The method considers the EFNARC guidelines concerning the minimum size of 
fine aggregate by limiting such to 0.125mm, aggregates with smaller sizes than this 
shall be considered as powders and are to be taken into account in determining the 
powder content.  
 
5.  Vpa paste volume and composition 
The paste volume is simply determined by knowing the amount of aggregate used:  
 
 facapa VVV −−=100(%)  8.6 
 
 The paste composition is slightly more difficult to determine, requiring the 
performance of certain mortar tests. Firstly, we must also consider the amount of 
admixture resulted from other conditions than the fresh condition (durability, hardened). 
The values desired for mortars are determined from the diagrams below depending on 
the slump/necessary time and the amount of coarse aggregate used for the future 
concrete (Figure 8-2). Once these values were determined, tests shall be carried out for 
a few series of mortars with a different water/powder and superplasticizer dosage ratio. 
The authors suggest that a rather large number of tests are initially required to achieve 
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the drawing of a few diagrams as in Figure 8-3, followed by a decrease in the number 
of tests along with gaining experience in the sizing of mixtures by only conducting tests 
for the values of interest. 
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Figure 8-2 Relation between mortar and concrete properties 
 
 Once sufficient tests were conducted in order to trust the new mortar composition, 
the diagrams resulting from the variation of the water/powder ratio (w/p) shall overlap, 
thus constructing a specific diagram for the material and proportions chosen. After this 
step, the variation and termination of quantities depending on slump or flow rate 
desired is easy. Figure 8-3 shows such a diagram resulting from the overlapping of 
results determined for mortars. 
 
 
Figure 8-3 Superplasticizer influence, see [2] 
 
6. Concrete tests – after covering the stages outlined above, the concrete 
production process may commence, and according to the results regarding stability, 
viscosity or other properties, adjustments may be made depending on the results 
obtained. These adjustments are made by considering the diagrams and principles 
used for the initial mixture determination.  
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8.2 ANNEX 2 – General Method adapted – used in the mix design of 
mixes SCC1-SCC4 (UTCN) 
 
Hardened properties
Resistance class C50/60
Enviromental class
Fresh properties
Slump flow SF 700 mm
Viscosity VF 10 sec
Passing ability PA >0,8 -
Segregation resistance SR <20 %
Aggregates Initial characteristics
Density Da 2650.00 kg
Bulk density Dg 1644.00 kg
Granulometric curve:
Type 0.125 0.250 0.500 1 2 4 8 16 31.5
0/4 4.24 15.21 37.04 62.61 86.85 99.9 100 100.00 100
4/8 0.18 0.28 0.42 0.74 5.20 40.69 99.88 100.00 100
8/16 0.15 0.18 0.2 0.24 0.30 0.68 23.08 99.66 100
Agregate maximum diameter 32 mm
Initial agregates ratios
Coarse agg 4-8 Cagg=50%Dg 822.00 kg
Sand Cn=Cagg 822.00 kg
Agregate initial quantity Cag=Cn+Cagg 1644.00 kg
Aggregate initial volume Vag/Da 620.38 kg
Paste initial volume Vpaste=1-Vag 379.62 L
GENERAL METHOD + ADAPTATIONS
passing % sive nr
STEP II - Aggregate content
 STEP I - SCC DESIRED PROPERTIES
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Final design composition, function of fixed curves Cn 0-4 54% 887.76 kg
or framing in a favorable domain Cag 4-8 15% 246.6 kg
Cag 8-16 31% 509.64 kg
Total quantity coarse agg. Cag,4-8+Cag,8-16 756.24 kg
Volume coarse agg. 285.37 L
Granulometric curve function of the chosen proportions:
Type 0.125 0.250 0.500 1 2 4 8 16
0/4 2.2896 8.2134 20.0016 33.8094 46.899 53.946 54 54
4/8 0.027 0.042 0.063 0.111 0.78 6.1035 14.982 15
8/16 0.0465 0.0558 0.062 0.0744 0.093 0.2108 7.1548 30.8946
total 2.3631 8.3112 20.1266 33.9948 47.772 60.2603 76.1368 99.8946
Percent fine part in aggregates <0,125mm p% 2.36%
Quantity of the agregate considered powder P% * Cag 38.85 kg
Comparison of the chosen quantities with literature recomandations Value check
EFNARC 2005
Coarse agg. 750<Ag gr<1000kg 756.24 ok
Sand  48-55% 52.89% ok
TB-1503/Grace
Volume coarse agg. 280<Vabs.agr<320l 285.37 ok
Lucrability factor
% sieve 4mm >52% 60.2603 ok
% sieve 8mm WF >40% 76.1368 ok
Paste volume calculation
Aggregate volume - modiffied Vag=Vag-Vpowder 605.72 Litri
Paste volume Vpaste=1000-Vag 394.28 L
Comparison of the chosen volume with literature recomandations Value check
EFNARC 300<Vpaste<380 394.28 mai mare
TB 1503/GRACE 340<Vpaste<400 394.28 ok
passing % sive nr
STEP  III - PASTE VOLUME
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Select - Air volume Vaer 1.50% 15 L
Select - Cement
Type CEM I 52,5R
Density 3100 kg
Quantity - resistance reasons 300 kg
Cement volume 96.77 L
Select - addition
Type Limestone filler
Density Df 2700
Select - Superplasticizer
Type Glenium Sky 500
Initial percent -% cement Vsp 1.50% 4.50 Litri
Reduced paste volume
Vpaste*= Vpaste-Vsp-Vair 374.78
Select - water/powder ratio, resistance and durabillty conditions
Select -ratio W/P 0.90
Powder volume (cement+limestone filler) Vp=Vpaste*/(1+W/P) 197.25 L
Limestone necessary volume Vf=Vp-Vcem-Vsand 100.48 L
Filler quantity Cf=Vf*Df 271.30 kg
Calculation of necessary water Vwater=W/P(Vcem+Vfiler)-VSP 173.03 L
STEP IV - PASTE COMPOSITION
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Compare the chosen values with literature values Value check
EFNARC 2005
volume 0,85<W/P<1,1 0.90 ok
water 150<Cwater<210 173.03 ok
powder 380<Cpowder<600 571.30 ok
ICAR 2005
mass 0,30<A/P<0,45 0.30 ok
Okamura 2003
volume 0,9<A/P<1,1 0.90 ok
TB-1503/Grace
mass 0,32<A/P<0,45 0.30 mai mic
mpowders Cpowder>450kg 571.30 ok
NE 012-1999
W/C < 0,4 C50/60 0.59 mai mare
W/C < 0,45 C40/50
W/C < 0,53 C30/37
U.M obs
kg
kg
kg
kg
kg
L
L
Quantity/mc
DESIGNED MIX
C50/60
Coarse aggregate 4-8
Coarse aggregate 8-16
Superplasticizer Glenium Sky 500
Water (total+humidity)
Ratio W/C (water+SP)/cement
Ratio W/P    (Water+SP)/(cement+limestone+sand<0,125)
300
271.30
887.76
246.6
509.64
4.50
173.03
0.59
0.29
Cement CEM I 52,5R
Limestone powder
Sand 0-4
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8.3 ANENX 3 – Reinforcement Stress-Strain relationships 
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Figure 8-4 
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8.4 ANNEX 4 - Detailed results for the SCC5 to SCC10   
 
C
on
cr
. 
R
ow
. Diam. 
[mm] 
Characteristic bond strength 
[MPa] 
1 2 3 4 5 6 7 8 9 10 
SC
C
5 
I 
10a 28,38 30,95 22,97  24,85 23,90 24,59 22,74 23,09 26,72 
12a 16,91 26,94 22,42 20,90 31,12 25,98 26,13 25,10 27,03 30,04 
16b 20,69  16,24 20,06 18,89 18,89 17,03 22,18 26,58 17,76 
II 
10a 31,34 30,72 26,42 20,71 28,18 28,84 26,44 28,92 30,13 27,72 
12a 31,79 26,13 29,93 28,89 28,27 30,22 28,83 29,07 33,23 28,68 
16b 19,00 18,89 21,23 19,98 19,64 19,34 19,67 28,02 19,35 22,12 
SC
C
6 
I 
10 24,30 19,72 25,02 21,96 26,32 22,75 24,19 25,55 28,07 25,19 
12 28,34 25,44 22,87 23,52 20,96 21,93 21,38 21,95 19,86 19,39 
II 
10 23,62 27,92 26,23 31,55 28,16 28,33 27,52 29,76 28,60 23,82 
12 24,67 28,11 25,39 25,29 27,05 25,72 23,48 26,28 29,38 20,30 
SC
C
7 
I 
10b 22,68 22,68 21,02 24,30 21,43 21,35 22,75 26,03 24,50 22,13 
12a 22,50 23,64 19,43 21,60 22,90  22,29 22,70 19,81 22,62 
16b 17,09 21,06 18,17  17,62 17,65 18,09 19,64 19,28 19,33 
II 
10b 24,34 20,21 22,74 24,17 24,98 21,30 23,16 26,88 24,39 23,56 
12a 24,82 28,31 26,14 25,46 25,98 30,51 29,81 26,17 24,54 20,64 
16b 18,15 17,32 18,11 19,01 19,75 19,84 19,84 18,50 18,47 18,77 
SC
C
8 
I 
10  21,59 24,49 28,04 29,56 26,11 22,42 26,25 24,14 27,10 
12 29,10 14,18 28,60 24,34 27,57 25,09 29,01 29,16 25,20 13,45 
II 
10 25,31 21,41 24,75 29,53 29,77 29,33 21,49 33,25 22,70 23,90 
12 25,20 27,34 23,19 22,13 26,17 27,30 23,00 26,32 19,93 15,24 
SC
C
9 
I 
10 27,13 31,48 30,46 26,86 22,39 26,09 25,77 29,91 29,78 29,25 
12 25,83 28,21 30,52 26,18 30,20 28,38 32,56 35,99 31,59  
II 
10 34,36 15,08 33,30 33,86 30,87 31,33 31,61 31,20 30,73 34,27 
12 29,33 27,03 26,23 29,96 32,08 29,63 26,64 27,03 27,03 26,87 
SC
C
10
 
I 
10a 28,13 29,47 32,49 38,22 35,77 36,63 33,79 33,26 34,47 30,28 
12a 18,08 25,47 20,87 24,01 25,86 28,96 23,63 26,91 22,04 18,08 
16b 21,78 21,87 20,78 21,10 20,26 18,96 19,79 19,68 13,99 14,11 
II 
10a 37,66 31,00 33,24 39,15 34,76 34,05 31,90 31,75 30,24 34,29 
12a 25,70 22,23 21,46 21,09 18,79 23,36  24,04 22,49 22,88 
16b 24,69 21,42 21,98 21,34 22,39 23,31 21,42 19,42 19,64 16,23 
aconcrete cast in the first series, bconcrte cast in the second series, for more details see par. 4.2.1.4 and tab.4-11 and tab.4-13 
Table 8-2 
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C
on
cr
. 
R
ow
 
Diam. 
[mm] 
Ultimate bond strength 
[MPa] 
1 2 3 4 5 6 7 8 9 10 
SC
C
5 
I 
10a 46,9 46,7 39,6 - 43,4 40,9 44,7 41,0 40,6 50,4 
12a 39,4 40,3 35,8 35,7 43,1 40,6 40,3 38,8 42,9 45,9 
16b 30,5 28,2 25,9 29,1 30,4 30,4 28,4 33,7 40,7 27,6 
II 
10a 53,2 48,9 43,7 37,4 49,4 48,7 43,5 48,4 47,9 47,4 
12a 46,0 38,9 45,1 44,0 43,0 46,0 43,5 42,9 49,0 42,2 
16b 31,0 29,2 32,7 30,5 28,5 29,8 31,3 43,3 30,1 36,3 
SC
C
6 
I 
10 40,2 33,3 42,8 39,4 45,0 39,3 44,9 44,7 47,4 40,0 
12 41,1 39,4 35,6 35,6 35,3 35,2 34,9 32,9 33,7 34,3 
II 
10 41,0 47,2 44,1 50,6 48,3 47,7 44,2 47,8 48,5 40,1 
12 38,0 39,6 37,4 38,6 39,6 40,7 34,8 39,7 44,5 35,3 
SC
C
7 
I 
10b 38,9 38,9 35,6 40,9 37,0 37,1 39,9 44,1 41,8 38,4 
12a 31,7 36,5 30,9 34,6 36,0 - 37,5 37,9 34,5 37,6 
16b 28,2 32,0 28,8 26,5 28,8 28,5 28,8 30,5 30,5 29,8 
II 
10b 39,9 34,3 36,5 41,2 42,4 37,1 39,6 41,1 38,7 38,5 
12a 37,7 43,4 37,1 37,9 41,4 43,2 46,5 41,8 39,0 34,6 
16b 28,9 28,5 27,9 29,5 31,8 32,0 32,0 28,5 31,1 30,1 
SC
C
8 
I 
10 - 37,2 36,7 46,2 47,3 42,0 39,6 45,6 40,0 42,1 
12 38,6 - 40,8 39,6 38,8 41,6 40,7 35,2 34,6 27,9 
II 
10 44,2 35,1 44,8 43,6 44,2 41,8 38,1 44,2 35,2 37,8 
12 34,6 40,7 38,1 34,9 33,8 37,8 34,7 39,2 30,5 26,5 
SC
C
9 
I 
10 47,2 49,5 51,1 45,2 41,1 42,8 45,3 50,9 48,5 47,3 
12 55,6 49,1 49,1 53,0 47,2 49,1 48,3 48,0 45,3 54,1 
II 
10 41,4 43,5 46,2 39,8 44,1 44,2 49,6 54,9 48,1 - 
12 40,9 43,8 42,3 45,0 46,5 46,1 43,6 47,9 46,4 39,8 
SC
C
10
 
I 
10a 45,8 47,5 51,6 58,8 56,4 61,1 53,8 53,2 54,1 51,4 
12a - 43,0 36,5 39,1 43,2 48,1 44,8 44,3 40,8 31,2 
16b 33,6 35,3 35,3 34,5 35,4 31,0 33,2 32,9 26,7 26,9 
II 
10a 58,9 50,1 52,2 59,7 56,2 51,3 48,9 53,2 48,8 52,1 
12a 43,0 39,5 36,5 36,4 33,2 37,4  36,2 43,2 40,2 
16b 38,1 34,6 35,6 33,5 34,1 34,1 33,7 32,1 34,2 28,5 
Table 8-3 
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C
on
cr
e
te
 
R
ow
 
Diam. 
[mm] 
Ultimate slip 
[MPa] 
1 2 3 4 5 6 7 8 9 10 
SC
C
5 
I 
10a 0,76 1,12 1,01 - 1,27 0,97 1,95 0,73 1,40 1,29 
12a 1,26 0,68 0,99 0,84 0,55 0,58 1,07 0,74 0,90 0,64 
16b 0,45 - 1,17 1,00 0,84 0,84 1,67 1,28 1,62 0,73 
II 
10a 1,79 0,92 1,37 0,95 1,43 1,13 0,75 0,93 1,75 1,43 
12a 0,66 0,98 0,78 0,67 0,95 1,21 0,81 0,78 0,91 0,66 
16b 0,58 0,55 0,46 1,68 1,87 1,60 1,64 1,57 1,62 1,60 
SC
C
6 
I 
10 1,01 1,12 1,21 1,29 0,78 1,50 1,16 1,46 1,34 1,06 
12 0,74 0,78 1,04 0,92 1,21 0,61 0,95 0,94 1,04 0,95 
II 
10 1,37 1,50 2,21 1,26 0,97 1,44 1,09 0,46 1,04 1,61 
12 0,97 1,18 1,05 1,03 1,03 0,84 1,17 1,02 0,77 0,83 
SC
C
7 
I 
10b 0,71 0,71 1,19 0,88 0,55 1,22 1,39 0,97 1,18 1,35 
12a 0,55 0,80 0,89 0,93 1,19 - 1,34 0,97 0,92 1,28 
16b 0,63 1,29 1,77 - 1,96 0,86 0,83 1,21 1,84 1,61 
II 
10b 1,01 1,55 1,36 0,82 0,72 1,54 0,89 1,03 1,17 1,60 
12a 0,94 1,29 0,83 0,86 0,80 0,82 1,73 1,70 1,33 0,99 
16b 0,87 0,46 0,68 0,79 2,01 1,70 1,70 0,74 1,17 1,16 
SC
C
8 
I 
10 - 0,72 0,95 1,40 1,14 0,68 0,98 0,86 1,11 1,28 
12 0,54 0,26 0,95 0,61 0,99 0,55 - 0,52 0,57 0,92 
II 
10 1,00 0,83 1,15 1,44 1,05 1,45 1,43 1,35 0,75 1,07 
12 0,57 0,68 0,75 0,79 0,42 0,57 0,52 0,58 0,82 0,90 
SC
C
9 
I 
10 1,33 1,10 1,24 1,02 1,42 1,59 1,25 0,87 0,85 1,00 
12 1,32 1,12 0,81 0,94 1,04 1,60 0,75 1,03 0,69 - 
II 
10 0,93 0,55 0,91 0,87 1,21 1,21 1,19 1,15 1,04 1,09 
12 1,20 1,44 0,92 0,69 1,13 0,53 0,62 1,79 1,03 1,22 
SC
C
10
 
I 
10a 0,82 0,95 0,68 0,94 1,58 0,61 0,90 1,55 0,87 0,88 
12a 1,05 1,01 0,74 1,13 1,60 1,00 1,27 1,42 1,33 1,05 
16b 0,71 1,09 0,70 0,86 1,82 0,91 1,16 1,31 1,44 1,12 
II 
10a 1,53 1,33 1,40 1,15 0,79 1,10 0,84 1,40 1,25 1,24 
12a 1,55 0,92 0,92 0,67 0,65 0,72 - 1,37 1,22 1,49 
16b 2,26 1,93 1,51 1,42 1,07 0,87 1,00 2,19 2,48 1,68 
Table 8-4 
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8.5 ANNEX 5 - Comparison of experimental results with existing bond 
models 
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8.6 ANNEX 6 - Bond model comparison with experimental results 
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